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ABSTRACT

Evidence is presented that the boreal summer surface air temperature over south China and northeast

China is remotely influenced by the Indian Ocean Basin mode (IOBM) sea surface temperature (SST)

anomalies. Above-normal temperature in south China and below-normal temperature in northeast China

correspond to a simultaneous Indian Ocean Basin warming. The teleconnection from Indian Ocean SST

anomalies to China summer surface air temperature is investigated using observations and an atmospheric

general circulation model (AGCM). The results herein indicate that the tropical Indian Ocean Basin

warming can trigger a low-level anomalous anticyclone circulation in the subtropical northwest Pacific and an

anomalous cyclone circulation in midlatitude East Asia through emanating a baroclinic Kelvin wave. In south

China, the reduced rainfall and downward vertical motion associated with the anomalous low-level anticyclone

circulation lead to above-normal summer surface air temperature. In northeast China, by contrast, upward

vertical motion associated with the anomalous cyclone leads to below-normal summer surface air temperature.

1. Introduction

High temperature extremes can cause massive deaths

from hyperthermia, large-scale catastrophic crop failures,

and shortages of water resources and power supplies

(Haines et al. 2006; McMichael et al. 2006). Officials and

the public are beginning to recognize the need for en-

hanced systematic mitigation actions to reduce the in-

creasing risk of extreme heat to national economics, the

environment, and society. In China, these harmful ef-

fects are most obvious for densely populated regions.

Therefore, understanding the factors and the processes

for interannual variation of summer surface tempera-

ture over China is of great socioeconomic importance.

There have been a number of studies on the climatology

and interdecadal variation in such extreme events in

China (Hu 1997; Hu et al. 2003; Shi et al. 2011; Wei and

Chen 2009; Zhai et al. 1999). However, the year-to-year

variations of these high temperature extremes are not well

understood.

The interannual variations of summer climate in

China are largely controlled by the variability in the East

Asia summer monsoon (Huang and Wu 1989; Huang

et al. 2004). A number of studies (Yang et al. 2007; Li

et al. 2008; Xie et al. 2009) reveal that the East Asia

summer monsoon is affected by the interannual fluctu-

ation of the Indian Ocean Basin sea surface temperature

anomalies (SSTAs), which is referred as the Indian

Ocean Basin mode (IOBM) (Klein et al. 1999; Saji et al.

1999). The mechanism for this influence is revealed by

Xie et al. (2009) and is demonstrated as follows. IOBM

SST warming forces a Matsuno–Gill (Matsuno 1966;
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Gill 1980) pattern in the tropospheric temperature.

The warm tropospheric Kelvin wave propagates into the

western Pacific, inducing Ekman divergence in the sub-

tropical northwest Pacific (NWP) to suppress convec-

tion and develop an anticyclonic circulation near the

surface. The NWP anticyclone, with weak convection,

leads to the summer rainfall anomalies in East Asia.

Recent forecast experiments using a coupled general

circulation model (GCM) also confirm this tropical In-

dian Ocean (TIO) teleconnection to the NWP and East

Asia summer climate (Chowdary et al. 2011). However,

these studies mainly focus on summer rainfall anomalies

in East Asia.

Based on the above introduction, we have the first

question, whether IOBM SST anomalies in the tropical

Indian Ocean may also have a significant impact on

China summer surface air temperature anomalies on an

interannual time scale. When SSTs are warming in the

tropical Indian Ocean Basin, an anomalous low-level

anticyclone would develop in the subtropical northwest

Pacific, and cyclone anomalies would develop in the

midlatitude East Asia through the propagating East

Asia–Pacific (EAP) (Huang and Lu 1989; Huang and

Yan 1999)/Pacific–Japan (PJ) (Nitta 1987) wave train.

The anticyclone and cyclone may be able to affect China

surface air temperature through changing the tempera-

ture advection, vertical motion, and adiabatic heating.

Meantime, the decadal change in the amplitude of in-

terannual temperature variability also has an impact on

the frequency of high temperature extremes. Our previ-

ous studies (Xie et al. 2010; Huang et al. 2010) have shown

that the interannual variability of summer tropical Indian

Ocean SST has become larger after the late 1970s. Thus,

we have the second question, whether the interannual

variability of the TIO-related summer surface air tem-

perature in China is also increased after the late 1970s.

The main aim of this study is to investigate the above

two questions by data analysis and model studies. The

rest of the paper is organized as follows: Section 2 de-

scribes the data and numerical simulation. Section 3

presents the observational evidences. Section 4 diagnoses

the model output. Section 5 includes a summary and

some discussions.

2. Data and model

The China monthly-mean surface air temperature and

precipitation dataset used in this study includes 160

stations in China for the period 1951–2008 and was

provided by the China Meteorological Administration’s

National Climate Center.

The global precipitation dataset used in this study

is the monthly-mean Climate Prediction Center (CPC)

Merged Analysis of Precipitation (CMAP; Xie and

Arkin 1996) for the period 1979–2008, which is available

on a 2.58 3 2.58grid.

The SST used in the present study is the Met Office

Hadley Centre Sea Ice and Sea Surface Temperature

version 1 (HadISST1) dataset (Rayner et al. 2003) for

the period 1951–2008. This SST dataset has a resolution

of 18 3 18.

The present study uses winds, vertical velocity, and air

temperature from the National Centers for Environ-

mental Prediction–National Center for Atmospheric

Research (NCEP–NCAR) (Kalnay et al. 1996) for the

period 1951–2008. The monthly-mean temperature ad-

vection derived from the NCEP daily winds and temper-

ature is also used in the present analysis. These variables

are available on 2.58 3 2.58grids.

We use the Community Atmosphere Model, version 3

(CAM3) at T42 resolution (equivalent to 2.88 latitude 3

2.88 longitude) in the horizontal and 23 sigma levels in

the vertical. Details of the models are provided in

Collins et al. (2006). A 21-member ensemble of CAM3

simulations are performed with HadISST1 observations

as surface boundary conditions over the global domain

for a 51-yr period from 1950 to 2000. Each member

simulation differs only in the initial conditions. We se-

lect these model simulation data from 1979 to 2000 in

this study.

To be consistent with the global precipitation dataset

that is available starting from 1979, our study mainly

focuses on the impact of the TIO on China summer

temperature anomalies during 1979–2008. Moreover,

we also discuss the decadal change of the interannual

variability of the TIO and China summer surface tem-

perature during the period from 1951 to 2008. Through-

out this study, the analysis is performed for interannual

variations on time scales shorter than 8 yr. A linear trend

has been subtracted from raw anomalies to remove de-

cadal and longer time-scale variations. For a 30-yr time

series, correlations of 0.31 and 0.37 reach the 90% and

95% confidence levels, respectively, based on the Student

t test.

3. Observational evidence

a. The relationship between the TIO and China
summer temperature

To examine the relationship between the spatial and

temporal variability of the summer [June–August (JJA)

mean] surface air temperature over China and the TIO

SST anomalies, we first perform a singular value de-

composition (SVD) analysis on the summer surface air

temperature over China and simultaneous Indian Ocean
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SST anomalies (308S–308N, 308–1108E) from 1979 to

2008 [details of the SVD method are provided on the

NCAR Command Language (NCL) Web site at http://

www.ncl.ucar.edu/].

As Fig. 1 shows, the first leading homogeneous SVD

mode (the top panel of Fig. 1) is characterized by an

IOBM SST warming and a seesaw surface temperature

pattern between south and north China. When there is

basinwide warming in the tropical Indian Ocean, the

south China (SC) summer surface temperature is above

normal and north China, especially the northeast China

(NEC) surface temperature, is below normal. This mode

accounts for 56% of the total squared covariance.

To confirm the relationship between the summer

TIO SST anomalies and simultaneous China surface air

temperature, we also calculate the heterogeneous cor-

relation coefficient of the first leading SVD mode in the

bottom panel of Fig. 1. The first heterogeneous SVD

mode is also characterized by the IOBM pattern in SST

anomalies and seesaw pattern in surface air temperature

anomalies between south China and northeast China.

Compared with the homogeneous SVD mode, the het-

erogeneous correlations are lower but with a similar

pattern. In heterogeneous correlation map, the positive

correlations of SST are mainly distributed in the tropical

Indian Ocean and South China Sea, with the maximum

correlation coefficient above 0.7; the negative correla-

tions of surface air temperature are mainly distributed in

northeast China, with the correlation coefficient below

about 20.4 (passing the 95% confidence level); and the

positive correlation coefficients of surface air tempera-

ture are distributed in south China, with the maximum

correlation coefficient above 0.5 (passing the 95% con-

fidence level).

Additionally, the second leading SVD mode shows a

positive correlation between the south subtropical In-

dian Ocean SST anomalies and the simultaneous surface

air temperature in the Yangtze River (the figure is not

shown). However, the second mode only accounts for

14% of the total squared covariance. Thus, the present

study will focus on the first leading SVD mode, which

suggests a close relationship between IOBM SST anom-

alies and China surface air temperature.

To further demonstrate the relationship between the

Indian Ocean SST and China surface air temperature,

we use the SST averaged in the tropical Indian Ocean

(208S;208N, 408E;1008E) as an index of the IOBM and

correlate it with China surface air temperature from

1979 to 2008. The correlation pattern shows great simi-

larity with the first SVD mode, with a positive center in

FIG. 1. First leading SVD (top) homogeneous and (bottom) heterogeneous correlation maps of JJA (right) SST

over the Indian Ocean and (left) surface air temperature over China. SVD analysis is based on the data from 1979 to

2008. Contours interval is 0.1 and shades denote 90% confidence level.
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south China and a negative center in northeast China

(Fig. 2). This strongly suggests a potential link between

the seesaw pattern in surface air temperature anomalies

in China and the Indian Ocean SST in summer.

b. The possible remote teleconnection from the TIO
to China temperature

High surface air temperatures are often caused by less

precipitation, long-term sustaining circulation anoma-

lies, radiation anomalies, and atmospheric downward

motion. For example, the serious heat wave in Europe

during 2003 due to persistent anticyclonic conditions,

a lack of precipitation, radiation anomalies, downward

motion, and land–air feedback from May to August

(Black et al. 2004; Fischer et al. 2007). Here, we in-

vestigate the IOBM-induced summer China surface air

temperature anomalies through discussing these factors

in Fig. 3.

First, we discuss the role of local precipitation

anomalies in the impact of the TIO on China surface air

temperature. Figure 3a shows the correlation map be-

tween TS_PC1 (the time series of the first leading China

summer surface air temperature SVD mode in Fig. 1)

and JJA mean precipitation in East Asia during 1979–

2008. Corresponding to the seesaw surface air temper-

ature anomalies, the rainfall is below normal, with

the minimum correlation coefficients around 20.6 in

the southernmost part of China (the bottom rectangle

in Fig. 3a) and above-normal in the western part of

northeast China (the top rectangle in Fig. 3a). The lack

of rainfall may contribute to warm surface air temper-

ature anomalies in south China. Analogously, the above-

normal precipitation in the western part of northeast

China may contribute to local cooling. However, the

correlation between TS_PC1 and precipitation is weak

in the eastern part of northeast China. The precipitation

anomalies may not have a substantial impact on the local

surface temperature in the eastern part of northeast

China.

Second, we discuss the role of vertical motion in Fig.

3c by calculating the correlation coefficient between

TS_PC1 and vertical velocity at 500 hPa. As Fig. 3c

shows, the downward motion controls south China and

the upward motion controls northeast China when the

surface air temperature is above-normal in south China

and below-normal in northeast China. The upward mo-

tion anomalies at 850 hPa (figure is not shown) is the

same as Fig. 3c. The result is consistent with the theory

that the downward movement leads to air warming by

adiabatic heating, and the upward movement can sup-

press such adiabatic heating. Thus, the summer surface

air temperature in both south China and northeast China

is influenced by vertical motion anomalies.

Third, we discuss the role of temperature horizontal

advection in Fig. 3e. Since the terrain is complex in south

China and since the lower-level air temperature anom-

alies are well coherent with surface air temperature

anomalies in China (shown in Fig. 4), we calculate the

correlation of TS_PC1 with the lower-level (vertical

average from 1000 to 850 hPa) temperature horizontal

advection anomalies instead of the temperature hori-

zontal advection at the surface. As Fig. 3e shows, the

horizontal advection correlation with TS_PC1 is weak in

both south China and northeast China. The results il-

lustrate that summer-mean temperature horizontal ad-

vection anomalies may not play an important role in the

process of the impact of the TIO on summer surface air

temperature in China.

The above analysis suggests that the seesaw pattern in

the summer surface air temperature anomalies in China

partly results from the follow factors: precipitation and

vertical motion anomalies. Furthermore, the correlation

maps in Figs. 3b, 3d, and 3f, which are calculated using

SST_PC1 (the time series of the first leading SVD mode

of the Indian Ocean SST in Fig. 1), are similar to Figs. 3a,

3c, and 3e, respectively, which suggests that the Indian

Ocean basinwide SST anomalies have a potential link

with these precipitation and circulation anomalies which,

in turn, contribute to the summer surface air tempera-

ture anomalies in China.

The preceding four paragraphs discuss the role of the

precipitation and circulation anomalies in the process

of the impact of the TIO on summer surface air tem-

perature in China. The below-normal precipitation and

downward motion may lead to warmer-than-normal

summer south China surface air temperature, and the

upward motion may lead to cooler-than-normal summer

surface temperature in northeast China. And these

FIG. 2. Correlation of China summer surface air temperature

with simultaneous IOBM index (area-average SST over 208S–208N,

408–1008E) during 1979–2008. Contours interval is 0.1, and shading

denotes 90% confidence level.

5368 J O U R N A L O F C L I M A T E VOLUME 24



precipitation and circulation anomalies are associated

with IOBM SST anomalies.

Moreover, both JJA precipitation anomalies and

vertical movement anomalies show a prominent me-

ridional dipole structure in Fig. 3. Below-normal pre-

cipitation and downward vertical motion anomalies

mainly are located between the equator and 288N.

Above-normal precipitation and upward vertical motion

anomalies are in the midlatitude, especially over Japan

and northeast China. Meantime, an anomalous anticy-

clone lies over south China and the northwest Pacific

and an anomalous cyclone is seen over Japan, Korea,

and northeast China (Figs. 3g and 3h). The meridio-

nal dipole pattern of precipitation and vertical motion

anomalies is consistent with the low-level circulation

anomalies, which resemble the EAP/PJ pattern. How do

FIG. 3. Correlation of JJA (a) precipitation, (c) upward motion at 500 hPa (positive value represents subsidence),

(e) lower-level (vertical average from 1000 to 850 hPa) temperature horizontal advection with TS_PC1 (of Fig. 1) and

regression of JJA 850-hPa wind on TS_PC1. (right) As in (left), but using SST_PC1 (of Fig. 1). Wind vectors and

shading denote 90% confidence level.

15 OCTOBER 2011 H U E T A L . 5369



the SSTAs of the IOBM pattern impact the EAP/PJ-like

pattern?

Previous studies (Xie et al. 2009) illustrate that IOBM

pattern SSTAs can affect East Asia summer climate by

a propagating Kelvin wave. To demonstrate that, we

calculate the correlations of 850-hPa wind velocity and

the lower-level tropospheric temperature (vertical av-

erage from 850 to 200 hPa) with the SST_PC1 and

TS_PC1 during the period of 1979–2008.

As Fig. 5b shows, when the tropical Indian Ocean

SSTAs display a basinwide warming pattern, the tro-

posphere temperature displays a Matsuno–Gill pattern

with the maximum correlation over the eastern TIO. A

Kelvin wave wedge penetrates the western Pacific along

the equator, with a pronounced anticyclonic circulation

on its northern flank. A PJ/EAP-like wave train propa-

gates to high latitude, with a low-level cyclonic circula-

tion over north Japan, Korea, and eastern north China.

Coupling with the circulation anomalies, below-normal

rainfall is localized on the south side of the northwest

Pacific anticyclone and above-normal rainfall on the

north side of the northwest Pacific anticyclone. The

precipitation, 850-hPa wind, and tropospheric temper-

ature anomalies in Fig. 5a are similar to those in Fig. 5b.

In Fig. 5a, the tropospheric temperature anomalies still

resemble a Matsuno–Gill pattern, although the corre-

lations are weaker than Fig. 5b, with the maximum

correlation about 0.4 in the east Indian Ocean. Mean-

time, the PJ/EAP pattern is also obvious. The results are

consistent with the Kelvin wave–induced Ekman di-

vergence (WIED) mechanism of Xie et al. (2009). The

AGCM results also confirm such a Kelvin WIED

mechanism in section 4.

Based on the above discussions, we propose the pos-

sible mechanism for the impact of the IOBM pattern

SST anomalies on China surface temperature as follows.

The IOBM SST anomalies emanate a baroclinic Kelvin

wave into the Pacific. The Kelvin wave triggers sup-

pressed convection and an anomalous anticyclone over

the NWP and south China. The suppressed convection

over the NWP leads to an anomalous cyclone over

Japan, South Korea, and northeast China through a PJ/

EAP meridional teleconnection. The meridional di-

pole circulation anomalies in East Asia lead to a see-

saw pattern in surface air temperature anomalies in

China through changing the vertical motion and rain-

fall patterns.

c. The decadal change of interannual variability of
TIO-inducing China temperature anomalies

We have investigated the impact of IOBM SST

anomalies on China summer surface air temperature

during 1979–2008 in sections 3a and 3b. Our previous

FIG. 4. Correlation of lower-level (vertical average from 1000 to

850 hPa) air temperature with the TS_PC1 (of Fig. 1) during 1979–

2008. Contours interval is 0.1, and shading denotes 95% confidence

level.

FIG. 5. Correlation with (a) TS_PC1 (of Fig. 1) and (b) SST_PC1

(of Fig. 1): summer precipitation (white contour interval is 0.1 with

jrj . 0.31; dark shades denote positive correlation and 90% con-

fidence level, and light shades denote negative correlation and 90%

confidence level), 850-hPa wind (regression; vector), and tropo-

spheric temperature (vertical average from 850 to 200 hPa; con-

tours). Wind vectors denote 90% confidence level. Analysis is

based on the observational data during 1979–2008.
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studies (Xie et al. 2010; Huang et al. 2010) have shown

that the interannual variability of summer tropical In-

dian Ocean SST has become larger after the late 1970s.

The question of whether the interannual variability of

TIO-related summer surface air temperature in China

has also become larger will be investigated in this section.

Figure 6 shows the SVD analysis of summer TIO SST

(308S–308N, 308–1108E) and simultaneous China surface

air temperature from 1951 to 2008, with the same do-

main as Fig. 1. The first leading SVD pattern is the same

as Fig. 1, illustrating that the results of the SVD analysis

are robust.

Although the spatial patterns are robust, the in-

terannual variability of SST_PC1 in Fig. 6 has expe-

rienced a prominent increase in the late 1970s. A

prominent increase is also seen in the interannual vari-

ability of TS_PC1 (Fig. 6). To document this decadal

change, we partition the time series into pre- and post-

shift periods of 1951–79 and 1980–2008, respectively.

During the period of 1951–79, there are only 2 and 1 yr

when the absolute value of standardized TS_PC1 and

SST_PC1, respectively, exceed 1.5. During the postshift

period, by contrast, there are 6 and 7 yr when the ab-

solute values of the standardized PC1 exceed 1.5 for

TS_PC1 and SST_PC1, respectively. These suggest that

the interannual variability of the TIO-induced China

summer surface air temperature is larger during the

recent decade.

Additionally, we calculate the SC index (area-mean

surface air temperature in the bottom rectangle in Fig. 2)

and the NEC index (area-mean surface air temperature

in the top rectangle in Fig. 2) to represent the in-

terannual variation of south China and northeast China

summer surface temperatures, respectively. Figure 7

shows the standardized IOBM index, SC index, and

NEC index. Consistent with previous studies, the in-

terannual variability of the IOBM index has experi-

enced a prominent increase in the late 1970s. We also

note that the interannual variability of the NEC index

has experienced an increase in the late 1970s. There are

5 yr when the absolute value of the standardized NEC

index exceeds 1.5 during the postshift period but no

years during the preshift period. The SC index has not

experienced a significant increase during the recent de-

cade. However, the correlation between the SC index

and the IOBM index is still significant (correlation co-

efficient is 0.35 for 51 yr). This suggests that the Indian

Ocean SST is only one of several factors that influence

FIG. 6. (top) First leading SVD homogeneous correlation map (contours; shading denotes 90% confidence level) of

summer (right) SST over the Indian Ocean and (left) surface air temperature over China. (bottom) Standardized

time series of first leading SVD mode. SVD analysis is based on the data from 1951 to 2008.
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south China summer surface temperature. Some other

factors may influence the year-to-year variation of south

China temperature. Thus, despite that the interannual

variability of the TIO-induced surface air temperature

in China has experienced a significant decadal change,

the observed interannual variability of summer surface

temperature in south China has not experienced such

a decadal change.

4. Model studies

We first evaluate the model simulation skills by per-

forming the empirical orthogonal function (EOF) anal-

ysis for the ensemble-mean variability of JJA 850-hPa

wind field over East Asia (58–608N, 908–1508E) during

1979–2000. Figure 8 compares the first and second lead-

ing EOF (EOF1 and EOF2, respectively) modes with

observations. In the observations, the first mode ex-

plains 48.1% of the total variance, featuring an anticy-

clone over the northwest Pacific and a cyclone over the

midlatitude associated with dipole rainfall anomalies over

East Asia (Fig. 8, top left). The second mode explains

14.6% of the variance and also featuring a cyclone and an

anticyclone dipole over East Asia, which shift northward

when compared with the EOF1 mode. The EOF2 mode

corresponds to dipole rainfall anomalies in the tropical

western Pacific.

The model ensemble-mean simulation captures the

salient features of the observed EOFs with the following

differences: 1) the model EOF1 explains a much larger

fraction of the variance, possibly because of weaker

noise than in observations; 2) the observed midlatitude

cyclone anomalies are not captured by the model sim-

ulation; 3) in the model EOF2, the observed midlatitude

cyclone anomalies are also not captured by the model

simulation; and 4) the associated precipitation anoma-

lies are also a little different from observations. We also

compare the time series of observation and model sim-

ulation EOF modes. The correlation coefficient is 0.7

and 0.39 for the first principal component (EOF-PC1)

and second principal component (EOF-PC2) between

observations and the model simulation during 1979–

2000. The results suggest that the ensemble simulation

can capture a reasonable amount of climate variation

over East Asia in summer, especially in the tropical and

subtropical regions. In the midlatitude and high-latitude

regions, the model simulation skill is low, possibly be-

cause of the strong atmosphere internal variability in

high latitudes.

Since the terrain is complex in south China, we choose

lower-level (vertical average is from 1000 to 850 hPa) air

temperature anomalies to indicate the interannual var-

iability of surface air temperature in China. Indeed, as

Fig. 4 shows, a close relationship exist between the

lower-level temperature and surface air temperature

anomalies in observations. Thus, it is reasonable to use

lower-level air temperature anomalies to represent sur-

face air temperature variation.

Figure 9 shows the SVD analysis of summer TIO

(308S;308N, 408E;1108E) SST and simultaneous lower-

level air temperature of a 21-member ensemble mean

over East Asia and the northwest Pacific (08;558N,

908E;1808) during 1979–2000. The first leading SVD

mode explains 80.5% of the total squared covariance

between the lower-level air temperature and SST anom-

alies. The SST pattern displays an IOBM warming pattern

with maximum correlation in the tropical Indian Ocean.

The lower-level air temperature pattern is characterized

by a warming belt in the tropics (from about the equator

to 258N), with an obvious warm tongue extending

FIG. 7. Normalized time series of (a) SC index [JJA mean China

surface air temperature over south China (188–288N, 1008–1208E)],

(b) NEC index [JJA mean China surface temperature over northeast

China (438–508N, 1208–1328E)]. Horizontal dashed line denotes 1.5

standard deviation.
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FIG. 8. (top) Correlation coefficient of JJA mean precipitation (contours; shading denotes 90% confidence

level) and regression coefficient of JJA mean 850-hPa winds (vector; vectors denote 90% confidence level) with

PC1 and PC2 of 850-hPa wind in (left) observation and (right) ensemble-mean simulation during the period

1979–2000. (bottom) Standardized time series of EOF1-PC and EOF2-PC of 850-hPa wind in observation (solid

lines) and the ensemble-mean simulation (dashed lines). EOF analysis covers East Asia (58–608N, 908–1508E)

during the period of 1979–2000. EOF1 (EOF2) pattern of observation and ensemble-mean simulation account

for 48.1% (14.6%) and 56.1% (18.6%) of their total variance, respectively. Correlation coefficient is 0.70 and

0.39 for EOF-PC1 and EOF-PC2, respectively, between observation and ensemble-mean simulation.
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northeastward into south China and a weak cold center

into the North Pacific (about 308;408N, 1508E;1808).

To further demonstrate the relationship between the

IOBM SST anomalies and East Asia lower-level air

temperature in the ensemble-mean simulation, we cal-

culate the correlation of the IOBM index with the

ensemble-mean simulation lower-level (vertical average

from 1000 to 850 hPa) air temperature over East Asia

and the North Pacific in Fig. 10. The correlation pattern

is the same as the first SVD pattern, displaying a warm

tongue (correlation coefficient above about 0.5) in south

China and a cold center in the North Pacific.

Since the relationship between the surface air tem-

perature and lower-level air temperature is close, the

warm tongue in the lower-level troposphere in south

China means that the surface air temperature is above

normal when the Indian Ocean SST is warmer than

normal, which is consistent with the observational anal-

ysis in section 3. But we note that the negative correla-

tion center in the midlatitude is weak and does not

extend westward to northeast China, which is possibly

related to the low simulation skill of the AGCM in the

midlatitude (Fig. 8).

Corresponding to the IOBM SST warming pattern,

the circulation anomalies at 850 hPa display an anom-

alous anticyclone over the subtropical northwest Pacific

and south China but no significant anomalous cyclone

circulation in the midlatitude. The circulation anomalies

are consistent with the lower-level air temperature

anomalies, which are significant in the subtropical re-

gion but weak in northeast China.

To test the teleconnection mechanism from the TIO

to summer surface air temperature in China, we calcu-

late the correlation of the 21-member ensemble-mean

precipitation and tropospheric temperature (850–200-hPa

vertical averages) with the time series of the first leading

SVD mode in Fig. 11. Consistent with observations, a

IOBM warming pattern forces a Matsuno–Gill pattern

in the tropospheric temperature, with a warm Kelvin

wave propagating into the western Pacific along the

equator and Rossby wave–like off-equatorial maxima

over the western TIO and Africa. A low-level anticy-

clone appears on the northern flank of the tropospheric

Kelvin wave from the Bay of Bengal to the subtropical

WNP. Overall, the AGCM ensemble-mean simulation

is able to capture the teleconnection mechanism from

the TIO to China.

5. Summary and discussion

We have investigated the impact of tropical IOBM SST

anomalies on summer surface air temperature in China

through using observations and atmospheric models.

When the Indian Ocean SST displays a basinwide

FIG. 9. First leading SVD heterogeneous correlation map of (right) summer SST over the Indian Ocean (contours)

and (left) 21-member ensemble-mean simulation lower-level (vertical average from 1000 to 850 hPa) air temperature

(contour). SVD analysis is based on the data from 1979 to 2000. Shading denotes 90% confidence level.

FIG. 10. Correlation of 21-member ensemble-mean simulation

lower-level (vertical average from 1000 to 850 hPa) air tempera-

ture (contours; shading denotes 90% confidence level) with IOBM

index and regression of 21-member ensemble-mean 850-hPa winds

(vectors) on IOBM index during 1979–2000. Wind vectors denote

90% confidence level.
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warming, the summer temperature is above normal in

south China and below normal in northeast China. The

seesaw pattern of temperature anomalies in China is

associated with an anomalous anticyclone circulation

over the subtropical northwest Pacific and an anomalous

cyclone circulation over Japan, Korea, and northeast

China. The anticyclone anomalies and cyclone anoma-

lies, resembling the EAP/PJ teleconnection pattern, can

lead to less precipitation and a descending vertical mo-

tion in south China and an ascending vertical motion in

northeast China. The vertical motion and precipitation

anomalies lead to surface air temperature anomalies

in south China and northeast China. Moreover, these

EAP/PJ pattern–like anticyclone and cyclone anoma-

lies are affected by IOBM SST anomalies through

a propagating Kelvin wave. Thus, the meridional dipole

circulation anomalies and the Kelvin wave are likely the

key processes that convey the remote effect from the

TIO to China summer surface air temperature. In this

study, we focus the impact of the TIO warming basin-

wide SST anomalies on surface air temperature. How-

ever, the summer surface air temperature anomalies

corresponding to TIO cooling basinwide SST anomalies

do not reflect the reverse of the TIO warming phase

(figure is not shown), suggesting nonlinear impact of

IOBM SST anomalies on surface air temperature in

China.

Our AGCM hindcast is able to capture the Matsuno–

Gill pattern atmospheric response to IOBM SST anom-

alies, the Kelvin wave over the equatorial western Pacific,

and the anomalous anticyclone circulation over sub-

tropical northwest Pacific. But there is no significant

anomalous cyclone circulation over the midlatitude of

East Asia in the model simulations. Consistent with

simulated circulation anomalies, there is a warm tongue

over south China in the lower-level troposphere but no

significant temperature anomalies over northeast China.

The simulation skill is low for midlatitude cyclone

anomalies, possibly because of the high atmospheric in-

ternal variability there (Lu et al. 2006; Rowell et al. 1995).

Nevertheless, the ensemble-mean simulation still captures

the temperature meridional dipole structure to some ex-

tent.

We also extend the observational analysis to 1951.

The results show that the interannual variability of

China summer temperature that is impacted by IOBM

SST anomalies has experienced a pronounced increase

since the late 1970s. The results are consistent with a

previous study (Huang et al. 2010) that both the inter-

annual variability of tropical Indian Ocean SST and the

teleconnection from the TIO to East Asia have experi-

enced a pronounced increase. Although the interannual

variability of IOBM-induced temperature anomalies are

larger in the postshift period than the preshift period,

the observed summer temperature anomalies in south

China have not experienced such a decadal change,

which implies that south China temperature variations

are also impacted by other factors such as typhoon ac-

tivity and SST anomalies in the South China Sea (Yan

and Huang 2005). However, the interannual variability

of northeast China summer temperature has experi-

enced a pronounced increase too.

The present study focuses on the impact of TIO SST

anomalies on China surface air temperature on an in-

terannual time scale. However, TIO SSTs have also

experienced substantial interdecadal change. Hu (1997)

suggests that the tropical Indian Ocean and western

Pacific SST persistent warming in recent decades leads

FIG. 11. Correlation with the (a) TS_PC1 (time series of first

leading SVD mode of ensemble-mean simulation lower-level air

temperature in Fig. 9) and (b) SST_PC1 (the time series of first

leading SVD mode of Indian Ocean SST of Fig. 9): 21-member

ensemble simulation summer precipitation (white contour interval

is 0.1, with jrj . 0.37; dark shading denotes positive correlation

and 90% confidence level, and light shading denotes negative

correlation and 90% confidence level), 850-hPa wind (regression;

vector), and tropospheric temperature (vertical average from 850

to 200 hPa; contours). Wind vectors denote 90% confidence level.

Analysis is based on the ensemble-mean simulation data from 1979

to 2000.
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to the surface air temperature change from below nor-

mal to above normal in the southern and southwestern

parts of China around 1977–79 through modulating the

strength and location of the subtropical high. It is in-

teresting that the impact of TIO SST anomalies on

summer China surface air temperature on an inter-

decadal time scale is similar with that induced by IOBM

SST anomalies. The question of whether the underlying

mechanisms of the impact of IOBM SST anomalies and

TIO long-term warming on China surface air tempera-

ture are the same needs further study.

Moreover, the SST anomalies in other regions may

also contribute to the variability of China surface air

temperature. For example, Wu et al. (2010) suggest

that SST anomalies in the North Atlantic and the

tropical North Pacific can influence northeast China

surface air temperature in summer, especially after the

late 1970s. Thus, the prediction of summer temperature

in China may need comprehensive understanding of

the contributions of different oceans and deserves further

study.
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