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Impacts of the Leading Modes of Tropical Indian Ocean Sea Surface Temperature

1. Introduction
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ABSTRACT

The two leading modes of the interannual variability of the tropical Indian Ocean (TIO) sea surface temperature
(SST) anomaly are the Indian Ocean basin mode (IOBM) and the Indian Ocean dipole mode (IODM) from March to
August. In this paper, the relationship between the TIO SST anomaly and the sub-seasonal evolution of the circula-
tion and rainfall over East Asia during boreal spring and summer is investigated by using correlation analysis and
composite analysis based on multi-source observation data from 1979 to 2013, together with numerical simulations
from an atmospheric general circulation model. The results indicate that the impacts of the IOBM on the circulation
and rainfall over East Asia vary remarkably from spring to summer. The anomalous anticyclone over the tropical
Northwest Pacific induced by the warm IOBM is closely linked with the Pacific—Japan or East Asia—Pacific telecon-
nection pattern, which persists from March to August. In the upper troposphere over East Asia, the warm phase of the
IOBM generates a significant anticyclonic response from March to May. In June and July, however, the circulation
response is characterized by enhanced subtropical westerly flow. A distinct anomalous cyclone is found in August.
Overall, the IOBM can exert significant influence on the western North Pacific subtropical high, the South Asian
high, and the East Asian jet, which collectively modulate the precipitation anomaly over East Asia. In contrast, the ef-
fects of the IODM on the climate anomaly over East Asia are relatively weak in boreal spring and summer. There-
fore, studying the impacts of the TIO SST anomaly on the climate anomaly in East Asia should take full account of
the different sub-seasonal response during boreal spring and summer.
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the following year of El Nifio events. The IOBM primar-

The tropical Indian Ocean (TIO) sea surface tempera-
ture (SST) anomaly and its climatic effects have re-
ceived extensive research attention (Li et al., 2001; Yang
et al., 2010; Xie et al., 2016). The Indian Ocean basin
mode (IOBM) is the dominant pattern of SST anomaly
interannual variability over the TIO. It peaks in late
boreal winter or early spring and persists to summer in

ily arises from the influence of ENSO over the equatori-
al tropical Pacific on the TIO (Klein et al., 1999; Xie et
al., 2016). The second leading mode of the TIO is the In-
dian Ocean dipole mode (IODM), with the different sign
of the SST anomaly between the east and the west of the
TIO, which develops and matures in boreal summer and
autumn, then disappears rapidly after peaking in October
(Saji et al., 1999; Webster et al., 1999; Li and Mu, 2001;
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Yang et al., 2015).

Previous studies have indicated that a warm IOBM
can induce an enhancement of the western North Pacific
subtropical high and the South Asian high (Wu et al.,
2000; Terao and Kubota, 2005; Yang et al., 2007; Yang
and Liu, 2008; He et al., 2015). Wu et al. (2000) pro-
posed a two-stage mechanism of thermal adaption
whereby an in-situ anomalous cyclone in the low-level
troposphere, induced by the warm SST anomaly in the
TIO, can enhance southerlies and promote deep convec-
tive precipitation to its east, which results in anomalous ant-
icyclonic circulation over the tropical Northwest Pacific
and South Asia. Yang et al. (2007) considered the [OBM
as a capacitor, prolonging the influences of ENSO
through the effects of charging and discharging, such as a
strengthened South Asian high and an anomalous anti-
cyclone over the tropical Northwest Pacific. The warm
TIO SST with deep convection generates a baroclinic
Kelvin wave into the western Pacific and induces sup-
pressed convection and an anomalous anticyclone over
the tropical Northwest Pacific (Xie at al., 2009; Wu et
al., 2009). Lu and Lu (2015) demonstrated an asymme-
tric relationship between the TIO SST and the western
North Pacific summer climate. A series of numerical
simulations verified the conclusion that a warm TIO can
result in a tropical Northwest Pacific anomalous anti-
cyclone (Wu and Liu, 1995; Li et al., 2008; Huang et al.,
2010; Wu et al., 2010; Chowdary et al., 2011; Hu and
Duan, 2015). A positive feedback mechanism based on
the Indo—western Pacific Ocean capacitor effect explains
the inter-basin interaction between the tropical North-
west Pacific anomalous anticyclone and the North Indi-
an Ocean warming and answers the question as to why
the IOBM can last to summer (Du et al., 2009; Kosaka et
al., 2013).

As for the region of East Asia, the anomalous anticy-
clone associated with the suppressed convection over the
tropical Northwest Pacific affects the East Asian climate
to the north via the Pacific—Japan (PJ) pattern or East
Asia—Pacific (EAP) pattern (Nitta, 1987; Huang and Sun,
1992; Lau et al., 2000; Wang et al., 2001; Kim et al.,
2009). Kosaka et al. (2013) investigated the coupling
between the North Indian Ocean and the PJ pattern, sug-
gesting that the PJ pattern impacts the Indian Ocean
through a westward propagating atmospheric Rossby
wave; and in return, SST in the TIO feeds back to the PJ
pattern via a tropospheric Kelvin wave. A warm I0BM
may impact the East Asian climate via modulating the
local Hadley cell, leading to suppressed convection over
the Maritime Continent and a positive rainfall anomaly
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over southern China (Wu et al., 2009; Zhu et al., 2014).
Moreover, the IOBM induces a new atmospheric heating
source in South Asia, which can excite circumglobal tele-
connection in the boreal Northern Hemisphere midlati-
tude atmosphere in summer (Ding and Wang, 2005;
Yang et al., 2009). Based on numerical experiments from
an atmospheric general circulation model (AGCM), Wu
and Liu (1995) argued that the SST anomaly over the equa-
torial tropical Pacific has no direct impact on the East
Asian climate, while the TIO warming is a crucial factor
of influence—a result also obtained in other studies
(Yang et al., 2007; Wu et al., 2009; Hu and Duan, 2015).

Studies have also documented the impacts of the
IODM on global climate (Li and Mu, 2001; Guan et al.,
2003; Saji and Yamagata, 2003), and the teleconnections
of the IOD can cause anomalies in the East Asian sum-
mer climate (Guan and Yamagata, 2003). Yuan et al.
(2008) investigated the influence of the IOD on the Asian
summer monsoon in the following year. Yang et al.
(2010) found that the IOBM in spring has a much
stronger linkage with the Asian summer monsoon, while
the IODM in fall shows a stronger relationship with the
Asian winter monsoon.

The interannual variability of climate in East Asia is
closely related to the livelihoods of billions of people, as
well as the economic development of many countries, in-
cluding China, South Korea, and Japan. Previous studies
have focused mainly on the seasonal-mean relationship
between the TIO SST and East Asian climate anomalies,
rather than the sub-seasonal evolution. The aim of the
present study, therefore, is to investigate the impacts of
the TIO SST anomaly on the sub-seasonal evolution of
the circulation and rainfall in East Asia during boreal
spring and summer on the interannual timescale. Spe-
cifically, we seek to address the following questions
through data diagnosis and the results of numerical ex-
periments: (1) What are the different impacts of the TIO
SST anomaly on the climate anomaly in different months
during spring and summer? (2) How does the TIO SST
anomaly modulate the circulation systems and rainfall
anomaly in East Asia? (3) Which mode plays the more
effective role—the IOBM or IODM?

Following this introduction, Section 2 introduces the
data and the AGCM used in the study. Section 3 presents
the data diagnosis results concerning the IOBM, the
IODM, and their effects. Section 4 sets out possible ex-
planations for the IOBM and IODM impacts, based on
the results of numerical experiments. Finally, conclu-
sions are given in Section 5.
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2. Data and model

2.1 Data

Monthly mean datasets used in this study include: SST
data from the Hadley Centre (HadISST1; 1° x 1°)
(Rayner et al., 2003); three-dimensional reanalysis data
from the ECMWF (ERA-Interim; 1° x 1°; 37 pressure
levels; variables consisting of geopotential height, tem-
perature, zonal and meridional components of horizontal
wind, and vertical velocity, in the isobaric coordinate
system) (Dee et al., 2011); and precipitation data from
version 2.1 of the Global Precipitation Climatology
Project (2.5° x 2.5°) (Adler et al., 2003) and the Asian
Precipitation Highly-Resolved Observational Data Integ-
ration Towards Evaluation of Water Resource (APH-
RODITE; 0.25° x 0.25°) (Yatagai et al., 2009). The time
range of all the data used in this study is from 1979 to
2013, except APHRODITE, which is only available from
1979 to 2007. In order to focus on the interannual variab-
ility, long-term linear trends in all data are removed.

22 AGCM

The AGCM employed in the present study is F/SAMIL,
which stands for the Finite-volume/Spectral Atmospher-
ic Model developed by the IAP/LASG (Institute of At-
mospheric Physics/State Key Laboratory of Numerical
Modeling for Atmospheric Sciences and Geophysical
Fluid Dynamics) (Zhou et al., 2012, 2015; Yu et al,,
2014). F/SAMIL has two dynamical core versions—
FAMIL and SAMIL. We choose the FAMIL version
with a finite-volume dynamical core at the resolution of
C48 (1.875° x 1.875°; about 200 km) and 32 vertical
levels, whose top level is 2.16 hPa. The physical para-
meterizations of this model are consistent with the de-
scription in Hu and Duan (2015).

March April May
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3. Observed relationship between the TIO
SST anomaly and climatic anomaly

3.1 Leading modes of TIO SST sub-seasonal evolution
from March to August

The TIO SST anomalies over the region (30°S—30°N,
30°-105°E) from March to August are analyzed by us-
ing the empirical orthogonal function (EOF) method.
Then, the first and second leading modes are derived for
each month.

The EOF results of the TIO SST anomaly (Fig. 1)
show that the first leading EOF mode (EOF1) and the
second leading EOF mode (EOF2) are the IOBM and
I0ODM, from March to August. In terms of explained
variations, the EOF1s account for 45.1%, 43.0%, 39.2%,
37.9%, 32.0%, and 28.8%, respectively; and the EOF2s
account for 12.4%, 13.0%, 15.1%, 11.0%, 13.9%, and
16.0%. This means that the EOF1s and EOF2s contrib-
ute to most of the variation in the TIO SST interannual
variability. There are, however, some differences among
the different months in terms of the EOF spatial patterns.
From March to August, the maximum SST anomaly cen-
ters of the [IOBM migrate gradually northwestward from
the tropical southern Indian Ocean to the Arabian Sea.
As for the IODM, the spatial structure is characterized by
a positive maximum center in the southwestern Indian
Ocean and a negative maximum center in the southeast-
ern Indian Ocean. Particularly, the SST anomaly in the
Arabian Sea is positive in spring and turns negative in
summer.

The IOBM and IODM indexes of the six months are
defined by the time coefficient series of the correspond-
ing principal component, respectively, which show obvi-
ous interannual variation. All the pairwise cross-correla-
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Fig. 1. Spatial patterns of (a) EOF1 and (b) EOF2 of the SST anomaly in the tropical Indian Ocean from March to August. The explained vari-

ance is marked in the top-left corner of each panel.
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tion coefficients between the IOBM indexes of the six
months are greater than 0.6, passing the 95% confidence
level (Fig. 2a), and those between the IODM indexes are
above 0.3, mostly passing the 95% confidence level (Fig.
2b). This implies that the IOBM and IODM persist stea-
dily from spring to summer, despite the IODM’s persis-
tence being relatively weaker than the [OBM’s.

To demonstrate the relationship between the interan-
nual variability of the East Asian summer monsoon
(EASM) and that of the SST anomaly, an EASM index is
defined by the difference in the anomalous zonal wind
over the region (22.5°-32.5°N, 110°-140°E) and the re-
gion (5°-15°N, 90°-130°E) in summer (Wang et al.,
2008). This can reflect the leading pattern of EASM in-
terannual variability and can be calculated conveniently;
and its positive anomaly is identical to the main en-
hanced rainfall belt from the Yangtze River to Japan in
summer. The correlation coefficients between the EASM
index and IOBM index from March to August are 0.435,
0.431, 0.504, 0.613, 0.512, and 0.474, respectively,
passing the 95% confidence level. However, the correla-
tion coefficients between the EASM index and IODM in-
dex from March to August are —0.079, —0.126, —0.096,
—0.036, —0.125, and —0.144, failing to pass the signifi-
cance test. Therefore, the IOBM is remarkably associ-
ated with the EASM from March to August, but the
IODM is not. The correlation maps between the EASM
index and the global SST anomaly from March to Au-
gust also confirm that the IOBM is likely to be the most
stable and persistent SST anomaly impacting the interan-
nual variability of the EASM (figures omitted here).

3.2 Sub-seasonal relationship between East Asian cli-
mate and the IOBM

Composite analysis is used to reveal the linkages of
the IOBM with the displacement of the South Asian
high, the western North Pacific subtropical high, the East
Asian jet, and the East Asian main rainfall belt. Tables 1
and 2 show the typical warm and cold years of the

1.0
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IOBM, selected according to whether the IOBM index is
above (or below) 0.8 (—0.8) standard deviations. It is
clear that most of the warm IOBM years follow El Nifio
events, while only about half of the cold IOBM years fol-
low La Nifia events. Besides, most of the warm IOBM
events can persist longer than cold events.

Simultaneous correlation maps are used to illustrate
the relationship between the IOBM and the
circulation/precipitation. In the tropical region, a warm
IOBM is linked with a significant positive anomalous
geopotential height at 200 hPa from the TIO to the west-
ern Pacific (Fig. 3a). Along with geopotential height in-
creasing in the upper troposphere, the South Asian high
establishing from June is affected remarkably by the
IOBM in summer (June—July—August). The composite
analysis shows that the South Asian high tends to en-
hance and expand to the south, east, and west with the
IOBM warming in comparison with cooling in summer
(Fig. 4). Its ridge line moves southward more obviously
in June than that in July and August. Under the condi-
tion of a warm IOBM, the eastern part of the South Asian
high over East Asia is stronger in July than that in June
and August, which is consistent with the characte-
ristics in the climatology.

Over the TIO, a warm IOBM is closely related to a

Table 1. Warm IOBM years in the composite analysis

Month Year Number
March 1983, 1987, 1988, 1998, 2005, 2010 6
April 1983, 1987, 1988, 1991, 1998, 2003, 2010 7
May 1983, 1987, 1991, 1998, 2010 5
June 1983, 1987, 1991, 1998, 2003, 2007, 2010 7
July 1983, 1987, 1988, 1998, 2003, 2009, 2010 7
August 1983, 1987, 1988, 1998, 2009, 2012 6
Table 2. Cold IOBM years in the composite analysis

Month Year Number
March 1982, 1986, 1989, 2000, 2008 5
April 1982, 1986, 1989, 2000, 2008, 2011 6
May 1984, 1985, 1989, 1996, 1999, 2000, 2004, 2008, 2013 9
June 1984, 1985, 1989, 1994, 2000, 2004, 2013 7
July 1981, 1984, 1985, 1989, 1994, 1996, 2000, 2004 8
August 1981, 1984, 1985, 1986, 1989, 1994, 1996, 2013 8
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Fig. 2. Pairwise cross-correlation coefficients between the indexes of the (a) Indian Ocean basin mode and (b) the Indian Ocean dipole mode,
from March to August. The horizontal dashed lines denote the 95% confidence level.
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Fig. 3. Simultaneous correlation maps between the IOBM index and the circulation/precipitation from March (top row) to August (bottom row).
The geopotential height at 200 hPa (Z200) is depicted by contours with an interval of 0.1 (black contours are zero; pink contours are positive;
blue contours are negative; yellow shading indicates the 95% confidence level) and the horizontal wind at 200 hPa (UV200) is depicted by vec-
tors (red vectors pass the 95% confidence level) (left-hand panels); horizontal wind at 850 hPa (UV850) is depicted by vectors (red vectors pass
the 95% confidence level) and Global Precipitation Climatology Project precipitation (Pr_GPCP) is depicted by shading (black dots indicates
95% confidence level) (middle panels); and APHRODITE (Asian Precipitation Highly-Resolved Observational Data Integration Towards Evalu-
ation of Water Resource) precipitation (Pr_ APHRODITE) is depicted by shading (black dots indicate the 95% confidence level) (right-hand pan-
els). The grey bold lines represent altitude above 1500 m, and the blue bold lines represent the Yangtze River (in the south) and Yellow River (in

the north).
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Matsuno—Gill pattern (Matsuno, 1966; Gill, 1980) from
March to August (Fig. 3). The anomalous descending
branch of the Walker circulation is characterized by an
obvious convergence region in the upper troposphere in-
duced by anomalous northwesterly and anomalous south-
westerly flow, associated with suppressed convective
precipitation. An anomalous easterly prevails at the
lower level and expands into the TIO. The anomalous
descending branch of the Walker circulation moves east-
ward obviously, and shifts northward slightly from
March to August. Its center is located over Indonesia in
March and April, and it migrates from the Philippine Sea
to the northwestern Pacific from May to August.

In the lower troposphere, a remarkable anomalous an-
ticyclone persists over the tropical Northwest Pacific
from March to August (Fig. 3b). Note that the anomal-
ous anticyclone is closely related to the anomaly of the
western North Pacific subtropical high. Composite ana-
lysis shows that a warm IOBM promotes the westward
advancement of the western North Pacific subtropical
high from March to August, while the cold IOBM in-

duces it to retreat eastward (Fig. 5). The ridge line of the
western North Pacific subtropical high tends to move
equatorward slightly when the IOBM warms in summer.
Thus, it varies apparently in the zonal direction but in-
conspicuously in the meridional direction with the anom-
alous IOBM.

In the subtropics and midlatitudes, the anomalous cir-
culations linked to the IOBM at 200 hPa possess signifi-
cant differences from March to August (Fig. 3a). The
200-hPa geopotential height anomaly mainly manifests
an inhomogeneous distribution along the zonal direction
inspring(March—April-May),butalongthemeridionaldire-
ction in summer. In spring, positive-negative—positive
wave trains of anomalous geopotential height are distri-
buted over the Asian region from the southwest to the
northeast. In March and April, the two positive centers
are located over the western Tibetan Plateau and Japan,
respectively, accompanied by a negative center located
over the southeastern Tibetan Plateau. In May, the two
positive centers exist over the Arabian Sea and eastern
China, respectively, with the negative center located over
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the mid—western Tibetan Plateau. The anomalous highs
to the west of the Tibetan Plateau are the Rossby wave
response to the convective condensation heating over the
warm TIO. The wave trains result from the energy dis-
persion of the stationary Rossby wave along the Asian
westerly wind jet (Ding and Wang, 2005; Yang et al.,
2009; Xie et al., 2009). In June and July, the 200-hPa
geopotential height anomaly displays a positive—nega-
tive seesaw pattern between the tropical region and the
midlatitude region. The zero line resides at 25°N in June
and 30°N in July. In August, an anomalous low is situ-
ated over the Yellow River valley, with positive anomal-
ous geopotential height surrounding it.

Since the anomalous wind and geopotential height
over the subtropical and midlatitude region meet the
quasigeostrophic equilibrium, the anomalous wind fol-
lows the anomalous geopotential height gradient (Fig.
3a). Therefore, anomalous southerly wind in spring and
anomalous westerly wind in June and July prevail over
East Asia at 200 hPa. As a result, the upper-level circula-
tions are dominated by an anomalous anticyclone in
spring, enhanced westerly flow in June and July, and an
anomalous cyclone in August. The different patterns
between spring and summer may be attributable to the
onset and establishment of the EASM, leading to the
prominently enhanced climatological northerly wind over
South China and easterly wind on the southern flank of
the Tibetan Plateau in the upper troposphere. The basic
flow changes impact the maintenance of the stationary
Rossby wave. For the East Asian jet, as an important up-

per-level circulation, the composite analysis shows a
warm IOBM is conducive to it slanting and amplifying to
the northeast in spring, expanding and intensifying to the
east in June and July, but shrinking and weakening in
August (Fig. 6). Its ridge line moves southward in sum-
mer, which is identical to the result of Qu and Huang
(2012).

Over East Asia, the southwest—northeast oriented main
rainband (called Meiyu in China, Changma in Korea, and
Baiu in Japan) marches northward and brings the rainy
season (Ding and Chan, 2005). Dominated by anomal-
ous circulation in the upper and lower troposphere with a
warm [OBM, the precipitation anomaly displays quite
differently from March to August (Figs. 3b and 3c). In
March, there are two obvious positive anomalous rain-
fall bands. One expands from the northern Tibetan Plat-
eau to southern Japan and the other from the southeast-
ern coast of China to southern Japan. In April, the posit-
ive anomalous rainfall covers from northeastern Asia to
southern Japan. In May, the rainfall is above-normal over
the Yellow River valley. Note that the enhanced precipit-
ation regions in spring, except the southern branch in
March, do not overlap with the climatological main rain-
fall bands, although they pass the 95% confidence level.
In spring, the low-level southwesterly associated with the
anomalous anticyclone over Northwest Pacific trans-
ports more moisture to North China. In addition, the an-
omalous divergence induced by the anomalous anticyc-
lone over East Asia in the upper layers promotes ascend-
ing motion. Such a circulation structure plays an import-
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ant role in the enhanced precipitation in spring. In June,
the enhanced rainfall band expands from the southern re-
gion of the Yangtze River to the East China Sea. In July,
it expands from the Yangtze River to Japan. In August, it
is located over the region between the Yangtze River and
the Yellow River. It can be clearly seen that the en-
hanced rainfall band moves from the south to the north in
summer, accompanying the northward march of the cli-
matological main rainfall band in summer. Hu and Duan
(2015) suggested that the IOBM has no significant im-
pact on precipitation in summer over eastern China, the
Korean Peninsula, and Japan. In eastern China, the an-
omalous precipitation patterns are almost opposite
between June and August, and a similar case can be
found around Japan between June and July. The oppos-
ite contribution from the IOBM can account for the dis-
appearance of the significantly influential region in-
duced by the counteracting effect when calculating the
summer mean. In terms of whether the IOBM has a link-
age with the march of the northern boundary of the East
Asian rainfall band, the composite analysis shows that
the 4-mm day ' contours of the precipitation rate derived
from the climatology and warm/cold IOBM events nearly
overlap (Fig. 7). It seems that the IOBM does not alter
the marching process apparently, but only modifies the
intensity of the East Asian main rainfall band. To a great-
er extent, the displacement of the rainfall band depends
on the meridional position of the South Asian high, the
East Asian jet, and the western North Pacific subtropical
high. The results mentioned above imply that their ridge
lines do not vary greatly in meridional displacement
when forced by the IOBM.

3.3 Sub-seasonal relationship between East Asian cli-
mate and the IODM

For the IODM, the simultaneous correlation maps
show that the relationships between the IODM and the
circulation/precipitation over East Asia are rather weak
from spring to summer (Fig. 8). Under the condition of a
positive phase of the IODM, in March, the positive pre-
cipitation anomalies tend to appear over Northeast Asia
and the Indochina Peninsula. In April, the enhanced pre-
cipitation is located over the Indochina Peninsula and
South China, while the suppressed precipitation is loc-
ated over North China. In May, the suppressed precipita-
tion and the associated anomalous low-level northwest-
erly reside over East China. In June, South China and
downstream of the Yellow River tend to be wet, while
the regions from northeastern Asia to Japan tend to be
dry. In July, the precipitation is above-normal over North
China and the southern coast of China. The suppressed
rainfall associated with an anomalous anticyclone covers
southern Japan. In August, the positive anomaly of pre-
cipitation occurs over the Indochina Peninsula and south-
western China. Overall, the significant wind anomalies at
the upper and lower levels cover few regions, implying
that the IODM plays an unimportant role in the circula-
tion anomaly over East Asia during spring and summer,
which is consistent with the results of Yang et al. (2010).

4. Circulation and precipitation responses to
the TIO SST in an AGCM

4.1 Model and experiment design
The AGCM used in the present study, i.e., FAMIL,
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has a reasonable capacity to simulate the Asian climate in
the annual periodic climatology, the interannual variabi-
lity, and the seasonal march, so it has been widely used
in researching the climatic dynamics of the Asian mon-
soon, the tropical ocean, and the Tibetan Plateau (Liu et
al., 2004; Wu et al., 2012; Duan et al., 2013; Hu and
Duan, 2015). The climate mean low-level circulation and
precipitation from March to August shows an overall simi-
larity between the observation and the FAMIL control
experiment (Fig. 9). FAMIL can reproduce the dominant
systems over the TIO and the Asian region well, i.e., the
Somali jet, the monsoon trough, the western North Pa-
cific subtropical high, the southwesterly over southern
China, and the East Asian main rainfall belt. The defi-
ciency of the model can be summarized as the overesti-
mated precipitation over the TIO, the western Pacific,
and the Tibetan Plateau region, whereas the precipitation
over the east coast of the Bay of Bengal and the East Asi-
an subtropical region is underestimated. Meanwhile, the
East Asian main rainfall belt shifts more northward in
comparison with the observations, which might be re-
lated to the amplification and the westward expansion of
the western North Pacific subtropical high.

To verify the conclusions derived from the observed
analysis and further study the impacts of the TIO SST
anomaly on the East Asian climate in the model simula-

tion, a series of AGCM simulation experiments are per-
formed. Table 3 shows the design of the AGCM nume-
rical simulation experiments. The AMIP2 experiment is
performed to estimate the standard variances of the circu-
lation and precipitation in simulation results. The control
experiment (CTL) is performed for the evaluation of the
model as mentioned above (Fig. 9). Note that the SST
anomalies in the sensitivity experiments (IOBM-POS,
IOBM-NEG, IODM-POS, and IODM-NEG) are only im-
plemented in the TIO (30°S-30°N, 30°-105°E) from
March to August, whereas the climatological monthly
SST is given in the other regions and months, the same
as in the control run. The intensity of the SST anomaly is
2.5 times the standard deviation of the natural interan-
nual variability. A 25-point spatial running average is ap-
plied to the SST anomaly at the boundary of the TIO to
smooth the discontinuous gradient. The integration
length of the experiments is listed in Table 3, which does
not include the one year used in advance for spin-up.

4.2 Circulation and precipitation responses to the IOBM
and I0DM

In the experiments with the forcing of the IOBM, the
response shows overall similar spatial patterns of circula-
tion and precipitation as observed from March to August
(Fig. 10). The warm phase of the IOBM can successfully
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Fig. 8. Asin Fig. 3, but for the IODM index.

reproduce the Matsuno—Gill pattern response (Matsuno, 200 hPa, the significant positive geopotential height oc-
1966; Gill, 1980) over the TIO from March to August. At curs from the TIO to the western Pacific. Under the con-
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Table 3. Design of the AGCM numerical simulation experiments

Liu, S. F., and A. M. Duan

Integration length

Experiment Design (yr)
AMIP2 Global SSTa ice prescribed by 31
AMIP2 from 1979 to 2009
CTL Annual periodic climatological 20
monthly SSTa ice

IOBM-POS Adding positive EOF1 anomaly of 20
SST in the TIO

IOBM-NEG  Adding negative EOF1 anomaly of 20
SST in the TIO

IODM-POS Adding positive EOF2 anomaly of 20
SST in the TIO

IODM-NEG  Adding negative EOF2 anomaly of 20

SST in the TIO

dition of static equilibrium in the vertical direction, the
200-hPa geopotential height anomaly is proportional to
the temperature integration from the surface to 200 hPa.
The warm SST increases the tropospheric temperature
through the moist adiabatic adjustment in deep convec-
tion (Xie et al., 2009; Qu and Huang, 2012). This ex-
plains why the warm SST can elevate the geopotential
height. Consequently, the south of the South Asian high
evidently strengthens in summer. A striking high tongue
wedges into the western Pacific, which is induced by the
eastward propagating Kelvin wave, leading to a west-
ward-expanded western North Pacific subtropical high.
Another high is located on the northwestern side of the
TIO, which is induced by the westward propagating
Rossby wave (Xie et al., 2009). Concurrently, a conver-
gence of northwesterly and southwesterly wind in the up-
per troposphere is situated over the Maritime Continent
and an anomalous easterly prevails in the lower tropo-
sphere. The circulation response patterns from the TIO to
the western Pacific in the numerical simulations are quite
similar to the observed results. The model reproduces the
anomalous anticyclone over the tropical Northwest Pa-
cific, which persists from March to August. The east-
ward propagating Kelvin intensifies the anomalous anti-
cyclone via the Ekman divergence mechanism (Xie et al.,
2009). Synchronously, the associated easterly anomaly
on the southern flank of the anomalous anticyclone res-
ults in the warming of the North Indian Ocean and the
South China Sea. Such an inter-basin coupled positive
feedback supports the persistence of the anomalous anti-
cyclone (Kosaka et al., 2013). In fact, the anomalous an-
ticyclone and the westward-expanded western North Pa-
cific subtropical high are the tropical lobes of the PJ or
EAP pattern, which intensify the low-level southwest-
erly flow over South China. The suppressed precipita-
tion over the tropical Northwest Pacific triggers the tro-
pical-extratropical teleconnection of the PJ or EAP pat-
tern, significantly impacting the climate anomaly over
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East Asia (Nitta, 1987; Huang and Sun, 1992; Lau et al.,
2000; Wang et al., 2001; Kim et al., 2009). For the upper
circulation in the subtropics and midlatitudes, the [OBM
is able to excite a positive—negative—positive wave train
expanding from northeastern Africa to northeastern Asia
in spring. The anomalous low associated with the anom-
alous anticyclone is reproduced well over China in Au-
gust. However, the zonally distributed anomalous low is
not present in the midlatitudes in June and July, possibly
due to model deficiency, so the downstream East Asian
jet cannot be supported to significantly intensify, which
renders the anomalous westerly weaker than that in the
observations over East Asia. Furthermore, the precipita-
tion anomaly patterns are overall consistent with the ob-
served results. However, the positive anomalous precipi-
tation regions tend to move northward in summer in the
model simulation, which may again be attributable to
model bias.

The simulated response forced by the IODM (Fig. 11)
also shows overall similar precipitation anomaly patterns
over East Asia as in the observations; however, the wind
anomalies at the upper and lower level are still largely in-
significant. This confirms that the IODM forcing has
little impact on East Asian climate during spring and
summer.

The above results from the analysis of observation and
model simulations indicate that the anomalous response
of circulation and precipitation to the IOBM and IODM
vary remarkably from March to August, possibly due to
the drastic climatological mean flow changes. The cli-
matic state evolves a distinguishable change from March
to August. From May, the Asian monsoon arises with the
establishment of the southwesterly monsoon over the
North Indian Ocean and the enhancement of southwest-
erly wind over South China. Synchronously, easterly
wind replaces westerly wind at the southern flank of the
Tibetan Plateau in the upper troposphere (Ding and
Chan, 2005).

5. Conclusions

The present paper, based on multi-source observational
data from 1979 to 2013, investigates the relationship
between the TIO SST anomaly and the sub-seasonal
evolution of the circulation and rainfall over East Asia
during boreal spring and summer using correlation ana-
lysis and composite analysis. The results from a series of
numerical simulations using an AGCM are also used to
explain the diagnosis results. The main conclusions can
be summarized as follows.

The two leading modes of the interannual variability
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Fig. 9. Climate mean 850-hPa horizontal wind (vectors; m s™') and precipitation (color shading; mm day ') from March (top row) to August
(bottom row) in observations (left-hand panels), the control run of FAMIL (Finite-volume Atmospheric Model developed by IAP/LASG) (middle
panels), and their difference fields (right-hand panels). The grey bold lines represent altitude above 1500 m.

of the TIO SST anomaly, i.e., the IOBM and IODM, ac-
count for around 50% of the explained variance. The per-
sistence of the IOBM is relatively stronger than that of
the IODM. The remote forcing of the IOBM can signifi-
cantly impact the sub-seasonal evolution of the circula-
tion and rainfall over East Asia, primarily attributable to
two paths. Firstly, in the lower troposphere, a warm
IOBM induces an anomalous anticyclone and sup-

pressed precipitation over the tropical Northwest Pacific
via an eastward propagating Kelvin wave, which en-
hances the southwesterly flow over South China and trig-
gers the PJ/EAP teleconnection pattern from March to
August. Secondly, in the upper troposphere, a warm
IOBM excites a positive—negative—positive wave train of
anomalous geopotential height over the Asian region in
spring, displays a positive—negative seesaw pattern
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between the tropics and midlatitudes in June and July, ults in an anomalous anticyclone in spring over the east-
and generates an anomalous low over the Yellow River ern coast of East Asia, an enhanced subtropical westerly
valley in August. The geopotential height anomaly res- jet over East Asia in June and July, and an anomalous



184

(a) Z200

(b) UV200

JOURNAL OF METEOROLOGICAL RESEARCH

VOLUME 31

(c) UV850 Pr
60N

60N

30N
March

308

i\@ —

158

45N
30N
15N

158

30E 60E 90E 120E I50E 180E150W120W  45E 60E 75E 90E 105E120E135E150E 165E

45E 60E 75E 90E 105E120E135E150E 165E L6

60N

30N
April

308

158

0.8

30E 60E 90E 120E 150E 180E150W 120W  45E 60E T5E

0.4

60N

60N

30N

308

158 Jau 22 s

YT
30N
15N

158

.-[ — T

S0E 120E 150E 180E150W 1200W

T T T
30E 6OE

45E 60E 75E 90E 105E120E135EI50E 165E

45E 60E 75E 90E 105E120E135EI50E165E

60N

60N

30N
June

308

45N
30N
15N
i 0
e ¥ i
, g 155

E120E135EI50E 165E

60N

July

= 04
45N

30N
15N

-0.8
0

158

60N

August

45N
30N

vk

SE 90E 105E 120EI35E150E 165E

45E 60E 75E 90E 105E120E135EI50E165E

Fig. 11. Asin Fig. 10, but derived from the IODM forcing experiments.

cyclone over the Yellow River valley in August. Besides,
a warm IOBM induces a westward-expanded northwest-
ern Pacific subtropical high in spring and summer and an
enhanced South Asian high in summer. The East Asian
jet expands to the northeast in spring, strengthens to the
east in June and July, but shrinks in August. These circu-
lation systems collectively modulate the evolution of the
precipitation anomaly over East Asia. In March, two en-

hanced rainfall bands expand from the northern Tibetan
Plateau to southern Japan and from the southeastern
coast of China to southern Japan, respectively. The posi-
tive anomalous rainfall covers from northeastern Asia to
southern Japan in April, and the rainfall is above-normal
over the Yellow River valley in May. In summer, the
IOBM only strengthens the northward-marching main
rainfall band rather than alters the marching process. The
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enhanced rainfall bands expand from the southern region
of the Yangtze River to the East China Sea in June, cover
from the Yangtze River to Japan in July, and exist over
the region between the Yangtze River and the Yellow
River in August. However, the IODM has a much weak-
er effect on the climate anomaly over East Asia during
spring and summer. The impacts of the TIO SST ano-
maly on the circulation and rainfall over East Asia vary
remarkably from spring to summer. These results are also
verified by numerical simulations based on an AGCM.

The present paper focuses on the atmospheric re-
sponse forced by the TIO SST anomaly and employs the
results of AGCM simulations to confirm the findings. In
the future work, the impacts of the TIO SST anomaly on
the climatic anomaly in East Asia should be discussed in
a land—air—sea coupled framework. Besides, how the SST
anomalies in other ocean regions impact upon the sub-
seasonal evolution of the circulation and rainfall in East
Asia should also be taken into account.
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