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Abstract Winter-spring precipitation in southern China

tends to be higher (lower) than normal in El Niño (La Niña)

years during 1953–1973. The relationship between the

southern China winter-spring precipitation and El Niño-

Southern Oscillation (ENSO) is weakened during

1974–1994. During 1953–1973, above-normal southern

China rainfall corresponds to warmer sea surface temper-

ature (SST) in the equatorial central Pacific. There are two

anomalous vertical circulations with ascent over the

equatorial central Pacific and ascent over southern China

and a common branch of descent over the western North

Pacific that is accompanied by an anomalous lower-level

anticyclone. During 1974–1994, above-normal southern

China rainfall corresponds to warmer SST in eastern South

Indian Ocean and cooler SST in western South Indian

Ocean. Two anomalous vertical circulations act to link

southern China rainfall and eastern South Indian Ocean

SST anomalies, with ascent over eastern South Indian

Ocean and southern China and a common branch of des-

cent over the western North Pacific. Present analysis shows

that South Indian Ocean SST anomalies can contribute to

southern China winter-spring precipitation variability

independently. The observed change in the relationship

between southern China winter-spring rainfall and ENSO is

likely related to the increased SST variability in eastern

South Indian Ocean and the modulation of the Pacific

decadal oscillation.
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1 Introduction

Most of previous studies focus on summer rainfall in China

because of the large impacts of summer flood and drought.

Although winter precipitation in southern China accounts

for about 10–15 % of the annual total rainfall (Wang and

Feng 2011), with the development of society and economy,

people start to pay attention to winter climate and its

effects on agriculture, manufacture, water resource, energy,

etc. The forecasting of winter precipitation is set as an

important service in China Meteorological Administration

(He et al. 2007). Winter-spring rainfall anomalies may

cause severe disaster. For example, southern China suf-

fered from unprecedented severe climate from January to

early February 2008 when low temperature, glaze, and

heavy snowfall struck the transportation, communication

and electricity transmission lines (Gao et al. 2008; Wang

et al. 2008a, b; Zhao et al. 2008; Ma 2009; Wen et al. 2009;

Zhang et al. 2009; Zhou et al. 2011). In southern China,

spring rainfall accounts for about 30–40 % of annual total

rainfall, and the mean and the standard deviation of rainfall

in spring is close to that in summer (Wu et al. 2003). Spring

runoff in east China (including southern China) responds

directly to simultaneous local rainfall, which is quite dif-

ferent from that in summer (Chen et al. 2009). Southern
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China is densely populated and is an important economic

region of China. Anomalous rainfall in winter and spring

has large impacts on economics and people’s lives. Thus,

understanding the causes and improving the forecasts of

southern China winter-spring precipitation will have great

benefits to the society and economy.

The variability of southern China rainfall in winter and

spring has been attributed to influences of various factors,

including El Niño-Southern Oscillation (ENSO) (Zhang

et al. 1996, 1999; Wang et al. 2000; Wu et al. 2003; Zhang

and Sumi 2002; Zhou and Wu 2010; Wang and Feng 2011,

Sun and Yang 2012), sea surface temperature (SST) in the

South China Sea (Zhou et al. 2010) and the Indian Ocean

(Yang 2009), the Tibetan Plateau snow cover (Chen and

Yan 1979; Chen and Wu 2000; Wu and Kirtman 2007a) or

thermal condition (Liu and Wang 2011; Sun and Yang

2012), the Arctic Oscillation (Yang 2011) and the North

Atlantic Oscillation (Sun and Yang 2012). The Arctic

Oscillation or North Atlantic Oscillation can affect south-

ern China winter-spring rainfall through modulating the

East Asian winter monsoon (EAWM) (Wu and Huang

1999; Gong et al. 2001; Wu and Wang 2002a, b; Sung et al.

2010).

Anomalous winter and spring rainfall in southern China

has been linked to the strength of cold northerly and warm

southwesterly that may induce convergence and divergence

over southern China. The low-latitude circulation systems

that can affect southern China rainfall include the western

Pacific subtropical high (Zhang et al. 1996; Wang et al.

2000; Wu et al. 2003) and the trough over the Bay of Bengal

(Wang et al. 2011; Zong et al. 2012). These circulation

systems can enhance or reduce the transport of moisture to

southern China, leading to more or less precipitation. Li

et al. (2010) pointed out that the transport of water vapor

from the Bay of Bengal favors winter and spring rainfall in

southern China. The western Pacific subtropical high can

act as a medium for ENSO’s influence on East Asian cli-

mate (Wang et al. 2000; Huang et al. 2012).

Previous studies are mostly concerned with rainfall

anomalies in individual seasons. This study considers

winter and spring rainfall together since persistent rainfall

anomalies have larger impacts. For example, more than

98.9 million hectares of crops were destroyed and more

than 4.9 million people and 3.4 million livestock were short

of drinking water because persistent severe drought in

southern China from the peak winter to the late spring in

2011 (Sun and Yang 2012).

Sun and Yang (2012) investigated the ENSO impacts on

persistent drought from winter to spring in southern China.

Wu et al. (2012) identified an interdecadal change in the

relationship between southern China summer rainfall and

tropical Indo-Pacific SST. Is there interdecadal change in

the ENSO impacts on winter-spring rainfall in southern

China? Our analysis shows that the relationship between

southern China winter-spring rainfall and ENSO is weak-

ened around the mid-1970s (Fig. 1b). Wet winter-springs

occurred frequently in southern China during the El Niño

years before the mid-1970s, whereas southern China win-

ter-spring rainfall displayed a weak positive correlation

with ENSO after the mid-1970s. Why has the relationship

between southern China winter-spring rainfall and ENSO

changed since the mid-1970s? What are the factors for

southern China dry winter-springs after the mid-1970s

given the weakened ENSO impact? What are the circula-

tion features associated with southern China dry winter-

springs before and after the mid-1970s, respectively? These

are the questions to be addressed in this study.

The main purpose of the present study is to investigate

and understand interdecadal changes in the relationship

between southern China winter-spring rainfall and ENSO.

The rest of the paper is organized as follows. The datasets,

methods, and model used in the present study are described

in Sect. 2. The interdecadal change in the relationship of

southern China winter-spring rainfall with SST and atmo-

spheric circulation is documented in Sect. 3. Section 4 uses

conditional composite analysis to unravel the independent

influence of the South Indian Ocean SST anomalies. The

plausible causes for the interdecadal change in southern

China winter-spring rainfall–SST relationship are dis-

cussed in Sect. 5. Section 6 presents the summary of the

results.

(a)

(b)

Fig. 1 a Station locations (black dots) and averaged monthly rainfall

(mm/month) in southern China during DJFMAM 1951–2010 from

station data. The rectangle denotes the location of southern China

(22�–30�N and 110�–122�E, 27 stations). Contour interval is 20 mm/

month. Shading indicates rainfall over 100 mm/month. b Moving

correlation coefficient of NINO3.4 (dash line), NINO3 (open circle)

and NINO4 (solid circle) DJFMAM SST with southern China

DJFMAM rainfall with a 21-year window. The correlation is shown at

the center year of the 21-year window
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2 Datasets, methods, and model

The rainfall used in the present study is monthly rainfall of

160 stations in China from 1951 to 2011, which is obtained

from the National Climate Center of the China Meteoro-

logical Administration. The southern China winter-spring

(December–May or DJFMAM in short) precipitation is

defined as the average of rainfall at 27 stations located to

the east of 110�E and from 22�N to 30�N. The station

locations along with climatological winter-spring rainfall

during 1951–2010 are shown in Fig. 1a. The present study

uses the NOAA Extended Reconstruction monthly mean

SST, version 3 (Smith et al. 2008), which is available on

2.5� grid from 1854 to present, from its website at http://

www.esrl.noaa.gov/psd/data/gridded/data.noaa.ersst.html.

Hadley Centre’s sea ice and SST (HadISST) (Rayner et al.

2003) is also used in this study. The monthly mean winds

and vertical velocity are provided by the National Centers

for Environmental Prediction-National Center for Atmo-

spheric Research (NCEP-NCAR) reanalysis product (Kal-

nay et al. 1996), which are available on 2.5� grid from 1948

to present and obtained from its website at http://www.esrl.

noaa.gov/psd/data/gridded/data.ncep.reanalysis.html. The

velocity potential and divergent winds are derived from

winds. The monthly Pacific decadal oscillation (PDO)

index is obtained from http://jisao.washington.edu/pdo/

PDO.latest derived as the leading PC of monthly SST

anomalies in the North Pacific Ocean, poleward of 20�N.

There may be unrealistic interdecadal variability in the

NCEP-NCAR reanalysis (Yang et al. 2002; Inoue and

Matsumoto 2004; Wu et al. 2005). This study focuses on

the interannual variations, so variations with periods of

8 years and longer have been removed using a harmonic

analysis in order to avoid plausible contamination of

interannual relationship by interdecadal changes. This

approach is applied following Wu et al. (2010, 2012). The

relationships between pairs of variables are examined by

correlation and composite analyses and the statistical sig-

nificance of these analyses are assessed using the two sided

Student’s t test.

As this study is concerned with persistent rainfall

anomalies during winter through spring, we consider the

winter and spring rainfall anomalies together in con-

structing an area-mean rainfall index for southern China.

Due to the fact that the rainfall amount and its variability is

several times larger in spring than in winter in southern

China, we have normalized the monthly rainfall anomalies

before the construction of December through May (DJF-

MAM) mean rainfall index. The correlation coefficients

between the winter-spring rainfall index and monthly

rainfall from December to May are 0.51, 0.62, 0.41, 0.35,

0.45, and 0.51, respectively. All these correlation coeffi-

cients reach the 99 % confidence level according to the

Student’s t test. The magnitude of these correlation coef-

ficients, however, is not very high. This indicates that there

are both years when the winter and spring rainfall anom-

alies are of the same sign (persistent anomalies) and years

when they are not (non-persistent anomalies), which is

expected. By considering the winter and spring rainfall

anomalies together in constructing the rainfall index, this

study is concerned with those years when rainfall anoma-

lies persist from winter to spring, but not those years with

non-persistent anomaly years, which differs from most of

previous studies. Also, because the analysis is based on the

winter-spring rainfall index, we are looking for the factors

that contribute to persistent rainfall anomalies.

The National Center for Atmospheric Research (NCAR)

Community Atmospheric Model version 4.0 (CAM4) with

monthly SST from the HadISST dataset with a horizontal

resolution of 1� in both latitude and longitude (Rayner et al.

2003) is used. The CAM 4.0 is the sixth generation of the

NCAR atmospheric global climate model and has been

developed through a collaborative process of users and

developers in the atmosphere model working group with sig-

nificant input from the chemistry climate working group and

the whole atmosphere model working group (Neale et al.

2011). CAM4 is part of the community climate system model

(CCSM4) and contains a number of notable improvements

including dynamical core, resolution changes, deep convection

and cloud fraction compared to CAM3 (http://www.cesm.

ucar.edu/models/ccsm4.0/notable_improvements.html).

3 Interdecadal change in the relationship

between southern China winter-spring precipitation

and ENSO

The winter-spring rainfall amounts is larger than 60 mm/

month in the southern part of China and less than 60 mm/

month to north of Yangtze River and in western part of

China (Fig. 1a). In this study, we focus on southern China

rainfall where winter-spring rainfall amount is greater than

100 mm/month. Figure 1b shows the sliding correlation of

southern China winter-spring rainfall and SST anomalies in

the NINO3 (5�S–5�N, 90�–150�W), NINO3.4 (5�S–5�N,

170�–120�W), and NINO4 (5�S–5�N, 160�E–150�W)

regions with a window of 21-year. The sliding correlation

for NINO3.4 SST falls between those for NINO3 and

NINO4 SSTs. The sliding correlation before mid-1970s is

significantly positive for NINO3 and NINO4 SSTs. An

obvious drop in the correlation is seen in the late 1970s.

The weak correlation for NINO4 SST maintains to the late

1990s, after which the correlation recovers. The correlation

for NINO3 SST displays an earlier recovery in the late

1980s. The correlation for NINO3.4 SST shows more

obvious interdecadal changes than that for NINO3 SST.
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Consistent results are obtained when the sliding correlation

is calculated based on the SST from Hadley Centre’s sea

ice and SST data set (figure not shown). Because the

atmospheric response to SST anomalies depends upon the

background SST, here, we focus on the correlation for

NINO4 SST. The 21-year sliding correlation is the most

and least significant in years 1963 and 1984, respectively.

Thus, we choose 1953–1973 and 1974–1994 as the two

sub-periods in the following correlation and regression

analyses to comprehend the change in the relationship

between southern China winter-spring rainfall and equa-

torial central Pacific SST. The correlation coefficient in

1953–1973 is ?0.56 for NINO4 SST, which is significant

at the 99 % confidence level according to the Student’s

t test. The correlation coefficient in 1974–1994 is ?0.17 for

NINO4 SST, which is below the 90 % confidence level.

During 1953–1973, there are seven (nine) years in which

southern China winter-spring rainfall is above-normal

(below-normal) corresponding to positive (negative)

NINO4 SST, whereas there are 5 years in which NINO4

SST and southern China winter-spring anomalies are of the

opposite signs. During 1974–1994, there are six (five) -

years in which southern China winter-spring rainfall is

above-normal (below-normal) corresponding to positive

(negative) NINO4 SST, whereas there are 10 years in

which NINO4 SST and southern China winter-spring

anomalies are of the opposite signs. The above statistics

confirms the weakening of the relationship between

southern China winter-spring rainfall and equatorial central

Pacific SST around the mid-1970s.

To understand the interdecadal change in the relation-

ship between southern China winter-spring precipitation

and ENSO, we show in Fig. 2 SST anomalies in DJFMAM

obtained by regression onto normalized southern China

winter-spring rainfall anomalies for the two sub-periods

separately. There are several notable differences between

the periods 1953–1973 and 1974–1994. First, positive SST

anomalies in the equatorial central Pacific are significant

and large during 1953–1973, whereas they are small and

insignificant during 1974–1994. Second, positive SST

anomalies extend from tropical Indian Ocean to the South

China Sea during 1953–1973, whereas the SST anomalies

are weak in these regions during 1974–1994 except for

southeastern tropical Indian Ocean. Third, there is an SST

anomaly dipole in the South Indian Ocean during

1974–1994, with large significant positive SST anomalies

in the east and significant negative SST anomalies in the

west, respectively. This SST anomaly pattern resembles the

leading Indian Ocean SST mode obtained by Xu and Fan

(2012). We will discuss the implication of these differences

further.

To understand the connection of southern China winter-

spring rainfall to the equatorial central Pacific SST and

South Indian Ocean SST, we show in Fig. 3 anomalous

winds at 850 and 200 hPa and in Fig. 4 vertical velocity at

500 hPa obtained by regression on normalized southern

China winter-spring rainfall. At 850 hPa (Fig. 3a, b), there

is an anomalous anticyclone over the western North Paci-

fic. Anomalous southwesterly winds along the western

flank of the anomalous anticyclone enhance the moisture

supply to southern China (Zhang et al. 1996; Wang et al.

2000). Westerly anomalies blow from equatorial central to

eastern Pacific. At 200 hPa (Fig. 3c, d), an anomalous

cyclone controls the western North Pacific. Anomalous

easterlies are observed over the equatorial central Pacific

with two anomalous anticyclones lying to the south and

north of the equator (Fig. 3c). At 500 hPa (Fig. 4a, b),

there is anomalous upward motion over the equatorial

central Pacific, downward motion over the western North

Pacific, and upward motion over southern China, respec-

tively. The anomalous anticyclonic winds over the western

North Pacific are robust around the mature phase of ENSO,

as have been pointed out by previous researches (Wang

et al. 2000, 2003; Wu et al. 2003). The generation and

development of the western North Pacific anticyclone is

not only related to large SST anomalies in the equatorial

central-eastern Pacific (Wang et al. 2000), but also to local

SST anomalies in the western North Pacific (Wu and Wang

2000). Anomalous heating over the equatorial central

Pacific induced by warm SST anomalies lead to downward

motion over the western North Pacific and low-level

(a)

(b)

Fig. 2 SST anomalies in DJFMAM obtained by regression on

normalized southern China DJFMAM rainfall during 1953–1973

(a) and 1974–1994 (b). Contour interval is 0.1 �C. Shading denotes

the corresponding correlation coefficient larger than 0.433, which is

significant at the 95 % confidence level
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anticyclone (Wang et al. 2000; Wu and Wang 2000). The

low-level anticyclone is maintained through in situ air-sea

interaction (Wang et al. 2000).

Notable difference in wind anomalies is seen over the

South Indian Ocean. During 1953–1973, an anomalous

anticyclone controls the tropics at 850 hPa (Fig. 3a), which

is overlaid by anomalous wind convergence at 200 hPa

(Fig. 3c) and downward motion at 500 hPa (Fig. 4a). In

contrast, during 1974–1994, an anomalous cyclone domi-

nates most of the tropics at 850 hPa (Fig. 3b), which is

overlaid by anomalous wind divergence at 200 hPa

(Fig. 3d) and upward motion at 500 hPa (Fig. 4b). The

500 hPa vertical motion anomalies over the western North

Pacific and eastern tropical Indian Ocean form a southwest-

northeast contrast during 1974–1994 (Fig. 4b).

The correspondence between SST and vertical motion

anomalies over eastern tropical South Indian Ocean indi-

cates a change in the air-sea relationship. During

1953–1973, warmer SST corresponds to anomalous

downward motion. As such, it appears that the ocean

responds to the atmosphere. The suppression of cloud and

associated increase in downward shortwave radiation leads

to SST warming (Wu and Kirtman 2007b). The anomalous

descent may be attributed to remote forcing from the

equatorial central and eastern Pacific. In contrast, during

1974–1994, anomalous cyclonic winds and ascent appear

to be responses to local positive SST anomalies. Why does

the atmosphere–ocean relationship change in the mid-

1970s? This may be related to the change in the magnitude

of SST anomalies in the eastern tropical South Indian

Ocean, which will be discussed in Sect. 5.

The lower-level and upper-level anomalous winds

indicate a close connection between the atmospheric cir-

culation over southern China and that over equatorial

central Pacific or the South Indian Ocean. In order to fur-

ther demonstrate the above connection, we examine the

anomalies of velocity potential at 200 and 850 hPa with

respect to normalized southern China winter-spring rain-

fall. During 1953–1973, there is anomalous divergence

over equatorial central Pacific, anomalous convergence

(a)

(b)

(c)

(d)

Fig. 3 Anomalies of 850 hPa winds (a, b) and 200 hPa winds (c,

b) in DJFMAM obtained by regression on normalized southern China

DJFMAM rainfall during 1953–1973 (a, c) and 1974–1994 (b, d).

The wind scale is shown at the top of the respective panels. Shading

denotes the corresponding correlation coefficient larger than 0.433,

which is significant at the 95 % confidence level

(a)

(b)

Fig. 4 500 hPa p-vertical velocity anomalies in DJFMAM obtained

by regression on normalized southern China DJFMAM rainfall during

1953–1973 (a) and 1974–1994 (b). The zero contour is suppressed.

Contour interval is 0.002 Pa/s. Shading denotes the corresponding

correlation coefficient larger than 0.433, which is significant at the

95 % confidence level
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over equatorial western Pacific and anomalous divergence

over southern China at 200 hPa (Fig. 5a). The divergent

winds flow from southern China to equatorial western

Pacific, where they converge with those from equatorial

central Pacific. At 850 hPa, it is obvious to observe

opposite anomalies of divergence and convergence and

divergent winds in the above regions (Fig. 5c). During

1974–1994, at 200 hPa, there is anomalous convergence

over the western North Pacific, anomalous divergence over

southern China, equatorial central Pacific, and the South

Indian Ocean, with anomalous northwesterly winds from

southern China to the western North Pacific, anomalous

southwesterly from the South Indian Ocean to the western

North Pacific and anomalous easterlies from the equatorial

central Pacific to the western North Pacific (Fig. 5b). At

850 hPa, anomalies of divergence and convergence and

anomalous divergent winds are opposite in the above

regions (Fig. 5d). One important feature to note for the

period 1974–1994 is the divergent winds linking the South

Indian Ocean and the western North Pacific. This feature is

consistent with the contrast in the anomalous vertical

motion (Fig. 4b) and the SST anomalies (Fig. 2b) between

these two regions. Differently, the divergent winds appear

to be mainly zonal in the tropics during 1953–1973. Thus,

it appears that the anomalous SST is a main driver for

anomalous circulation and convection over the western

Pacific and anomalous rainfall over southern China during

1953–1973, whereas during 1974–1994, the South Indian

Ocean and equatorial central Pacific SST anomalies appear

to act in concern and the observed anomalous circulation

and convection over the western North Pacific and anom-

alous rainfall over southern China are likely a result of the

combined effects of both the South Indian Ocean SST

anomalies and ENSO.

4 Composite analysis for the influence of the South

Indian Ocean SST

The analysis in the above section indicates plausible con-

tributions of both the South Indian Ocean and equatorial

central Pacific SST anomalies to southern China winter-

spring rainfall variability through changes in atmospheric

circulation. The regression, however, cannot determine the

individual impacts of the South Indian Ocean or equatorial

central Pacific SST anomalies. So, in this section, we per-

form a conditional composite analysis to understand how

the South Indian Ocean SST anomalies affect atmospheric

circulation and southern China rainfall independently.

As shown in Fig. 2b, SST anomalies during 1974–1994

display an east–west dipole pattern in the South Indian

Ocean, which is termed as the South Indian Ocean dipole

(SIOD) hereafter. The SIOD SST anomaly pattern is sim-

ilar to that unraveled by previous studies (e.g. Behera and

Yamagata 2001; Xu and Fan 2012). Previous studies

mostly focus on the effect of SIOD on the climate vari-

ability in Africa (Reason et al. 2005; Mapande and Reason

2005) and Australia (England et al. 2006). In this study, we

explore how the SIOD SST anomaly pattern affects

southern China winter-spring rainfall anomalies. Based on

the SST anomaly pattern, we define an SST index using the

difference of standard SST anomalies between the region

of 95�–115�E, 5�–35�S and the region of 60�–80�E, 30�–

40�S. During 1974–1994, there are 5 years (1979, 1982,

(a)

(b)

(c)

(d)

Fig. 5 Anomalies of velocity potential at 200 hPa (a, b) and 850 hPa

(c, d) and the corresponding divergent winds in DJFMAM obtained

by regression on normalized southern China DJFMAM rainfall during

1953–1973 (a, c) and 1974–1994 (b, d). The wind scale is shown at

the top of the respective panels. Contour interval is 0.2 9 106 S-1.

Shading denotes the corresponding correlation coefficient larger than

0.433, which is significant at the 95 % confidence level
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1989, 1991, 1994) in which both the SST index and

southern China rainfall anomalies are more than 0.5 SD,

while there are 5 years (1976, 1981, 1985, 1986, 1993) in

which both the SST index and southern China rainfall

anomalies are less than -0.5 SD (Fig. 6a). There are 6 in-

phase years and 2 out-of-phase years during 1953–1973

based on positive or negative 0.5 SD thresholds. The

relationship between the South Indian Ocean SST and

southern China winter-spring rainfall becomes stronger

after mid-1970s (Fig. 6b). In order to highlight the effect of

SIOD during 1974–1994, it is necessary to exclude the

contribution of ENSO. Cold and warm episodes of ENSO

are defined when the threshold (± 0.5 �C) for the oceanic

Niño index is met for a minimum of 5 consecutive over-

lapping seasons (cited from http://www.cpc.ncep.noaa.gov/

products/analysis_monitoring/ensostuff/ensoyears.shtml).

During 1974–1994, there are 7 El Niño years (1976, 1977,

1982, 1986, 1987, 1991, 1994) and 5 La Niña years (1974,

1975, 1983, 1984, 1988). We get 2 years (1979, 1989) in

which both SIOD SST index and southern China rainfall

anomalies are positive excluding El Niño effect and

5 years (1976,1981,1985,1986,1993) in which both SIOD

SST index and southern China rainfall anomalies are

negative excluding La Niña effect. In these cases, the South

Indian Ocean SST anomalies contribute independently to

southern China rainfall anomalies.

Figure 7 shows composite anomalies of 850 hPa winds,

200 hPa winds, 500 hPa vertical velocity and SST with

negative SIOD years (1976, 1981, 1985, 1986, 1993) minus

positive SIOD years (1979, 1989). The wind anomalies

over the South Indian Ocean feature responses to warming

associated with positive SST anomalies in western South

Indian Ocean and cooling associated with negative SST

anomalies in eastern South Indian Ocean. There is an

anomalous anticyclone at lower-level and anomalous

cyclone at upper-level over the South Indian Ocean.

Anomalous northerlies dominate over southern China and

separate into two branches over the South China Sea, the

eastward one converging with anomalous easterlies over

the Philippine Sea and the westward one crossing

(a)

(b)

Fig. 6 a Time series of normalized southern China DJFMAM rainfall

(open circle) and SIOD DJFMAM SST (solid circle); b sliding

correlation between DJFMAM southern China rainfall and DJFMAM

SIOD SST displayed at the center year of the 21-year window. The

horizontal lines denote the 0.5 SD in Fig. 6a and the correlation

coefficient at the 90, 95, 99 % confidence level in Fig. 6b

(a)

(b)

(c)

(d)

Fig. 7 Composite anomalies of 850 hPa winds (a), 200 hPa winds

(b) 500 hPa p-vertical velocity (c) and SST (d) in DJFMAM for the

cases that the DJFMAM SIOD SST anomalies are of the same sign as

DJFMAM southern China rainfall anomalies, but excluding the

ENSO cases that DJFMAM NINO3.4 SST anomalies are of the same

sign as DJFMAM southern China rainfall anomalies during

1974–1994. The zero contour in (c, d) is suppressed. Contour interval

is 0.006 Pa/s in (c) and 0.2 �C in (d). The shadings denote differences

significant at the 90 % confidence level according to the Student’s

t test
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Indochina to the Bay of Bengal. At 500 hPa, anomalous

descent and ascent are observed over the eastern and

western South Indian Ocean, respectively (Fig. 7c), fea-

turing an east–west contrast, which is consistent with the

SST contrast (Fig. 7d). There is ascent over southern South

China Sea to the western North Pacific and descent over

southern China and tropical central North Pacific. The

equatorial central Pacific SST anomalies are weak, which

confirms that the ENSO effect is weak for the selected

cases.

The above circulation anomalies suggest a close con-

nection between the atmospheric circulation over southern

China and that over the South Indian Ocean. A similar

connection has been found in summer (Wu et al. 2012). To

further understand the connection between the South

Indian Ocean SST and southern China circulation, we show

in Fig. 8 anomalies of velocity potential at 200 and

850 hPa obtained by composite analysis with negative

SIOD years minus positive SIOD years. At 850 hPa, there

is anomalous divergence over southern China, anomalous

convergence over the western North Pacific, and anoma-

lous divergence over the South Indian Ocean (Fig. 8a). The

divergent winds flow from the South Indian Ocean to the

western North Pacific, where they converge with those

from southern China. Anomalies of divergence and con-

vergence and the divergent winds at 200 hPa are opposite

to those at 850 hPa (Fig. 8b).

The above features suggest an anomalous cross-equa-

torial vertical circulation between the South Indian Ocean

and the western North Pacific and another anomalous

vertical cell between the western North Pacific and south-

ern China, similar to the feature identified for summer (Wu

et al. 2012). This is further demonstrated in Fig. 8c.

Obviously, there are two vertical cells between the South

Indian Ocean and southern China with a common branch

over the South China Sea (Fig. 8c).

In order to confirm the impact of the South Indian Ocean

SST anomalies independent of ENSO on southern China

winter-spring rainfall, we carry out two experiments using

the NCAR CAM4 model. In the experiments,

CAM4_control is run for 20 years with climatological

mean seasonal cycle of SST forcing in the global ocean and

the outputs over the last 10 years are used in the analysis.

The 10-year mean winter-spring values are equivalent to

(a)

(b)

(c)

Fig. 8 Composite anomalies of DJFMAM velocity potential at

850 hPa (a) and 200 hPa (b) and corresponding divergent winds,

and DJFMAM vertical circulation consisting of divergent meridional

wind (m/s) and vertical p-velocity (0.01 Pa/s) along 110�–130�E

(c) for the cases that the DJFMAM SIOD SST anomalies are of the

same sign as DJFMAM southern China rainfall anomalies, but

excluding the ENSO cases that DJFMAM NINO3.4 SST anomalies

are of the same sign as DJFMAM southern China rainfall anomalies

during 1974–1994. The shadings denote differences significant at the

99 % confidence level according to the Student’s t test

(a)

(b)

(c)

Fig. 9 SST anomaly distribution for the SIOD SST experiment (a),

composite differences in DJFMAM of (b) 850 hPa winds (vector),

500 hPa p-vertical velocity (shading) and (c) vertical circulation

consisting of divergent meridional wind (m/s) and vertical p-velocity

(0.01 Pa/s) along 110�–130�E between experiments of negative SIOD

SST and CAM4 control
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those from an ensemble of 10 sensitivity experiments

changing the South Indian Ocean SST using different ini-

tial atmospheric and land surface conditions (Zhao et al.

2010). We focus on the positive and negative anomalous

centers of South Indian Ocean SST (shown in Fig. 2b).

Experiment SIO_SST is the same as CAM4_control except

for a decrease of -0.4 �C in SST in the region of 5–35�S

and 95–115�E and an increase of 0.3 �C in SST in the

region of 30–40�S and 60–80�E under the background of

climatological mean seasonal cycle of SST (Fig. 9a).

Corresponding to the decrease in DJFMAM SST over

eastern South Indian Ocean and increase in DJFMAM SST

over western South Indian Ocean between experiments

SIO_SST and CAM4_Control, anomalous anticyclones at

lower-level are seen over the South Indian Ocean and

eastern China to East China Sea. The westerly anomalies

over southern South China Sea converge over the western

North Pacific with the easterly anomalies along the south

flank of eastern China-East China Sea anticyclone.

Anomalous ascending motion dominates over the western

North Pacific, while anomalous descending motion is over

southern China and eastern South Indian Ocean (Fig. 9b).

Latitude-altitude cross-section of anomalous vertical

motion and meridional divergent winds averaged along

110�–130�E show that there are two anomalous vertical

circulations between the South Indian Ocean and southern

China (Fig. 9c). The ascending branch lies over the wes-

tern North Pacific and descending is seen over the South

Indian Ocean and southern China though the descending

motion over southern China is weaker than that in Fig. 8c.

Those features indicate that the South Indian Ocean SST

anomalies can affect southern China winter-spring rainfall

through vertical cells.

While the results of numerical experiments broadly

support the impact of the South India Ocean SST anoma-

lies on southern China winter-spring rainfall, there are

notable differences from observations. In particular,

anomalous vertical motion around 30�N over eastern China

in the model experiment is opposite to the observations

(Fig. 9b versus Fig. 7c). In consequence, anomalous

downward motion is limited to the coastal region of

southern China in the model (Fig. 9b).

5 Discussions of reasons for interdecadal change

in the rainfall-SST relationship

In addressing the reasons for the interdecadal change in the

southern China summer rainfall-SST relationship, Wu et al.

(2012) pointed out the plausible influence of changes in the

mean state and in the location and magnitude of SST

anomalies in the southeastern Indian Ocean. The mean

state change may shift the location of the mean western

North Pacific subtropical high, which in turn displaces the

location of anomalous rainfall region. The change in the

location and magnitude of southeastern Indian Ocean SST

anomalies may lead to a change in the affected region and

the magnitude of these SST forcing.

Here, we show in Fig. 10a the moving variance of

eastern South Indian Ocean SST (5–35�S, 95–115�E) in

winter-spring with a 21-year window. Clearly, the South

Indian Ocean SST variance is significantly larger after the

mid-1970s than before the mid-1970s. The South Indian

Ocean SST variance is about 0.06 during 1974–1994 and

0.036 during 1953–1973, respectively. This indicates a

stronger forcing of the South Indian Ocean SST anomalies

after the mid-1970s than before the mid-1970s. Thus, the

South Indian Ocean SST anomalies and ENSO may act in

concert, through modulating the western North Pacific

circulation, to contribute to southern China winter-spring

rainfall variability during 1974–1994. Note that the vari-

ance of the western pole of the SIOD SST anomaly pattern

displays a linear decreasing trend during the 1960s through

mid-1970s and remains nearly at the same magnitude after

that (figure not shown). As such, the SIOD index variance

showed an increase in the mid-1970s (figure not shown) as

that of the eastern South Indian Ocean SST anomalies.

Another plausible reason for the change in the southern

China winter-spring rainfall-ENSO relationship may be the

interdecadal modulation of Pacific decadal oscillation

(PDO) upon the impact of ENSO on southern China win-

ter-spring rainfall. ENSO affects the East Asian climate

through a Pacific-east Asian teleconnection featuring an

(a)

(b)

Fig. 10 a Moving variance of DJFMAM eastern South Indian Ocean

SST (5�–35�S, 95�–115�E) with a 21-year window. The variance is

shown at the center year of the 21-year window. The solid line is the

mean variance. b Time series of DJFMAM PDO index (open circle)

and PDO index with 9-year moving average (solid circle)
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anomalous anticyclone over the Philippine Sea and

anomalous southwesterly winds along its northwest flank

during the mature and decay phases of El Niño events

(Wang et al. 2000). These anomalous southwesterlies

enhance the moisture supply to southern China, leading to

above-normal rainfall there (Zhang et al. 1996; Wang

et al. 2000; Wu et al. 2003). Wang et al. (2008a, 2008b)

proposed that the relationship between ENSO and EAWM

depended on the phase of PDO. The interannual rela-

tionship between ENSO and EAWM is weak and insig-

nificant in the high phase of PDO. In contrast, ENSO

exerts a strong impact on EAWM in the low phase of the

PDO. This is attributed to the PDO’s modulation of the

anomalous Philippine Sea anticyclone. The anomalous

Philippine Sea anticyclone is located more northwestward

in the low phase of PDO than in the high phase of PDO.

As such, associated southwesterly winds are more likely

to affect southern China in the low phase of PDO. As

shown in Fig. 10b, the PDO is in the low phase during

1953–1973 and in the high phase during 1974–1994,

respectively. The observed weakening of the relationship

between ENSO and southern China winter-spring rainfall

appears to be consistent with the phase change in the

PDO. Gollan et al. (2012) suggested that tropical forcing

is an important source for the EAWM variability by

modulating circulation anomalies in the tropical Pacific

and Indian Ocean. The results obtained in this study are

broadly consistent with Gollan et al. (2012) regarding the

role of tropical SST anomalies. However, our results

indicate that the specific tropical region influencing the

winter-spring southern China precipitation has changed

with the effect of ENSO and South Indian Ocean SST

anomalies dominating alternatively during 1953–1973 and

1974–1994, respectively.

6 Summary

The relationship of southern China winter-spring rainfall

with ENSO experienced an obvious change around the

mid-1970s. Before the mid-1970s, the southern China

winter-spring rainfall tends to be more (less) than normal

during the El Niño (La Niña) years, whereas after the mid-

1970s, this relationship is weakened. Accompanying this

change, above-normal southern China winter-spring rain-

fall follows warmer SST in eastern South Indian Ocean and

colder SST in western South Indian Ocean during the mid-

1970s through the mid-1990s.

Different features in the ocean and the atmospheric

anomalies associated with southern China winter-spring

rainfall between two periods are identified in this study.

During 1953–1973, there are two cells between the

equatorial central Pacific and southern China: one

between the equatorial central Pacific and the western

North Pacific and the other between the western North

Pacific and southern China, with a common branch over

the western North Pacific as a connection. During

1974–1994, there are two meridional cells between the

South Indian Ocean and southern China: one between the

South Indian Ocean and the western North Pacfiic and

the other between the western North Pacific and southern

China, with a common branch over the western North

Pacific acting as a link. As such, anomalous heating

induced by positive equatorial central Pacific SST

anomalies is accompanied by anomalous ascent and

above-normal rainfall over southern China in the former

period, while anomalous heating induced by positive SST

anomalies in western South Indian Ocean and negative

SST anomalies in eastern South Indian Ocean leads to

anomalous descent and below-normal rainfall over

southern China.

The South Indian Ocean SST anomalies can affect

atmospheric circulation and rainfall over southern China

independently based on the composite analysis and model

experiment. In comparison, there are more cases of

cooler SST in eastern South Indian Ocean and warmer

SST in western South Indian Ocean independently

causing the winter-spring southern China drought than

the opposite situation. The change in the relationship

between southern China winter-spring rainfall and ENSO

may be related to changes in the variance of the South

Indian Ocean SST anomalies and in the phase of PDO.

The magnitude of eastern South Indian Ocean SST

anomalies experienced a significant increase around the

mid-1970s, enhancing the role of the South Indian Ocean

SST forcing in atmospheric circulation and rainfall

anomalies. The PDO experienced a phase change from

low to high, weakening the influence of ENSO after the

mid-1970s through its modulation of the Pacific-east

Asian teleconnection.

In addition to the weakening of the correlation around

the late 1970s, Fig. 1b displays a strengthening of the

correlation between southern China rainfall and NINO4

SST in the late 1990s. What is the implication of this

strengthening correlation and what is the cause for this

change are interesting questions, but these are beyond the

scope of this study.

The present study is mostly based on correlation and

regression analysis. The number of cases for the indepen-

dent influences of the South Indian Ocean SST anomalies

is limited. While we have performed numerical experi-

ments to confirm the influence of the South Indian Ocean

SST anomalies, these experiments are idealized. Thus,

further studies with longer data and more systematic

numerical experiments will be needed in the future to

validate the conclusions obtained in this study.
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