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Abstract The present study reveals cross-season con-

nections of rainfall variability in the South China Sea

(SCS) region between winter and summer. Rainfall

anomalies over northern South China Sea in boreal summer

tend to be preceded by the same sign rainfall anomalies

over southern South China Sea in boreal winter (denoted as

in-phase relation) and succeeded by opposite sign rainfall

anomalies over southern South China Sea in the following

winter (denoted as out-of-phase relation). Analysis shows

that the in-phase relation from winter to summer occurs

more often in El Niño/La Niña decaying years and the out-

of-phase relation from summer to winter appears more

frequently in El Niño/La Niña developing years. In the

summer during the El Niño/La Niña decaying years, cold/

warm and warm/cold sea surface temperature (SST)

anomalies develop in tropical central North Pacific and the

North Indian Ocean, respectively, forming an east–west

contrast pattern. The in-phase relation is associated with

the influence of anomalous heating/cooling over the

equatorial central Pacific during the mature phase of El

Niño/La Niña events that suppresses/enhances precipitation

over southern South China Sea and the impact of the above

east–west SST anomaly pattern that reduces/increases

precipitation over northern South China Sea during the

following summer. The impact of the east–west contrast

SST anomaly pattern is confirmed by numerical

experiments with specified SST anomalies. In the El Niño/

La Niña developing years, regional air-sea interactions

induce cold/warm SST anomalies in the equatorial western

North Pacific. The out-of-phase relation is associated with

a Rossby wave type response to anomalous heating/cooling

over the equatorial central Pacific during summer and the

combined effect of warm/cold SST anomalies in the

equatorial central Pacific and cold/warm SST anomalies in

the western North Pacific during the mature phase of El

Niño/La Niña events.
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1 Introduction

The South China Sea is located between the Pacific and

Indian Oceans and to southeast of the Asian land. On one

hand, climate variability in the South China Sea region is

influenced by anomalous states of the tropical Indian and

Pacific Oceans (Wang et al. 2002, 2006; Xie et al. 2003).

On the other hand, anomalous state of the South China Sea

can affect East and Southeast Asian climate (Tomita and

Yasunari 1996; Zhou et al. 2010). Thus, investigating the

climate variability and predictability in the South China

Sea region can help to improve the understanding of the

influences of tropical Pacific and Indian Oceans on East

and Southeast Asian climate.

As demonstrated by previous studies, the El Niño-

Southern Oscillation (ENSO) induced short-term climate

signals display regional features and evolve with season

(Wang et al. 2000, 2003; Wu et al. 2003). For example, Wu

et al. (2003) showed that ENSO-induced rainfall anomalies
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in China are positive in southern China during fall and winter

and positive rainfall anomalies extend to central China in the

following summer. Following the phase change of ENSO,

anomalous anticyclonic winds move eastward and north-

ward from fall to winter, spring and summer over the North

Indian Ocean and the western North Pacific. As the South

China Sea has a large meridional extension from near the

equator to about 25�N, ENSO-related climate anomalies in

the South China Sea are expected to change with the phase of

ENSO and thus may depend upon the season. In particular,

climate anomalies in the South China Sea region may display

different features in winter and summer. One issue is whether

there is a cross-season connection of climate anomalies in the

South China Sea region. In the present study, we particularly

focus on the connection of winter and summer rainfall var-

iability in the South China Sea region. This distinguishes

from previous studies that are mostly concerned with climate

anomalies in an individual season. Such cross-season con-

nection, if present, will provide useful information for cli-

mate predictability.

While ENSO is often considered as a dominant factor

for climate variability in tropical regions, such as the South

China Sea, other factors, such as regional sea surface

temperature (SST) anomalies, may play a role in the South

China Sea climate variability as well. For example, Yang

et al. (2007) and Xie et al. (2009) showed the role of the

North Indian Ocean SST anomalies in an anomalous lower-

level anticyclone over the western North Pacific in sum-

mer. Wu et al. (2012) indicated the impact of the SST

anomalies in the tropical southeast Indian Ocean on verti-

cal motion over the South China Sea in summer. Thus,

another issue to be addressed in the present study is what

roles of regional SST anomalies play in the cross-season

connection of the South China Sea climate anomalies.

In the following, we describe the datasets and model

used in the present study in Sect. 2. The leading modes of

winter and summer rainfall anomalies and their relations

are presented in Sect. 3. Section 4 investigates the winter-

to-summer rainfall relation. Section 5 addresses the sum-

mer-to-winter rainfall relation. A summary is given in Sect.

6 along with discussions.

2 Datasets and model

2.1 Datasets

The present study uses monthly mean rainfall from version 2

of the Global Precipitation Climatology Project (GPCP)

(Adler et al. 2003). The GPCP rainfall is obtained through

anomalous ftp at ftp://precip.gsfc.nasa.gov/pub/gpcp-v2/

psg/. This dataset is on a 2.5� 9 2.5� grid and is available

starting from January 1979.

The SST used in the present study is the NOAA Extended

Reconstruction monthly mean SST version 3 (ERSST3)

(Smith et al. 2008). ERSST3 is provided by NOAA’s Office

of Oceanic and Atmospheric Research (OAR) Earth System

Research Laboratory (ESRL) Physical Science Division

(PSD), Boulder, Colorado, obtained from the website at

http://www.esrl.noaa.gov/psd/data/gridded/data.noaa.ersst.

html. This SST dataset is available on a 2� 9 2� grid from

1,854 to present.

We use monthly mean surface shortwave radiation, long-

wave radiation, latent heat flux, sensible heat flux, and wind

speed from the National Oceanography Center, Southampton

(NOCS) flux dataset version 2.0 (Berry and Kent 2009). NOCS

version 2.0 is constructed using ship data only from the

International Comprehensive Ocean–Atmosphere Dataset

(ICOADS) through optimal interpolation. This dataset has a

spatial resolution of 1� 9 1� and covers the period 1973–2009.

The present study uses monthly mean winds at 850 hPa

from the National Centers for Environmental Prediction–

Department of Energy (NCEP–DOE) Reanalysis version 2

(Kanamitsu et al. 2002) on a regular 2.5� 9 2.5� grid for

the period 1979–2008. The reanalysis product is provided

by the NOAA–Cooperative Institute for Research in

Environmental Sciences (CIRES) Climate Diagnostics

Center, Boulder, Colorado, and is obtained through

anomalous ftp at ftp://ftp.cdc.noaa.gov/.

2.2 Model

The present study uses the Community Atmosphere Model

Version 3.1 (CAM3.1) at T42 resolution in the horizontal

and with 23 sigma levels in the vertical. For descriptions of

the model details, refer to Collins et al. (2006). A long-term

control integration over 50 years is made with climato-

logical SST specified in the global oceans. Sensitivity

experiments are conducted with SST anomalies added in

the concerned regions to investigate the roles of regional

SST anomalies. These sensitivity experiments start from

initial states of the control integration. The differences of

the atmospheric states in these sensitivity experiments from

those in the control integration are considered as response

of the atmosphere to the specified SST anomalies.

3 Leading modes of winter and summer rainfall

anomalies and their relations

An empirical orthogonal function (EOF) analysis is per-

formed for winter (December-January–February or DJF in

short) and summer (June–July–August or JJA in short) rainfall

anomalies. Here, December belongs to the previous year. In

performing the EOF analysis, the rainfall anomalies have been

interpolated to 1� 9 1� grids for a better coverage of the South
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China Sea domain. In winter, the leading and second modes

account for about 69.2 and 9.9 % of the total variance,

respectively. In summer, the leading and second modes

explain about 33.7 and 20.3 % of the total variance, respec-

tively. Thus, the leading mode is separated from the other

modes according to North et al. (1982). Figure 1a, b show the

distribution of the spatial loading of the leading modes in

winter and summer, respectively. The corresponding time

series of the leading modes are shown in Fig. 1c.

In winter, large loading is seen over southeastern South

China Sea (Fig. 1a). In summer, large positive loading

appears over northeastern South China Sea and large

negative loading is confined to the coast of Borneo

(Fig. 1b). The above distributions indicate that the leading

mode in winter features rainfall variability in southern

South China Sea and that in summer features rainfall var-

iability in northern South China Sea. Indeed, the correla-

tion coefficient between the winter leading mode time

series and area-mean winter rainfall in the region of 2.5�–

12.5�N, 107.5�–117.5�E (box in Fig. 1a) is as high as 0.99

and that between the summer leading mode time series and

area-mean summer rainfall in the region of 12.5�–22.5�N,

110�–120�E (box in Fig. 1b) is as high as 0.94. Thus, the

leading modes can represent well the rainfall variability

over southern South China Sea in winter and northern

South China Sea in summer, respectively.

The correlation coefficient between the time series of

winter and summer leading modes is ?0.37 for the period

1979–2010. The correlation coefficient between the two

leading mode time series with the summer one leading the

winter one is -0.44. The two correlation coefficients are

significant at the 95 % confidence level according to the

Student t test. This indicates a tendency for rainfall

anomalies over southern South China Sea in winter to be

followed by the same sign rainfall anomalies over northern

South China Sea in the following summer and a tendency

for rainfall anomalies over northern South China Sea in

summer to be followed by opposite sign rainfall anomalies

over southern South China Sea in the succeeding winter.

For convenience, the former tendency is denoted as in-

phase relation and the latter tendency is denoted as out-of-

phase relation hereafter. Note that the above relations

involve a change in the location of large rainfall anomalies.

The time series display large amplitudes in 1983 and 1998

(a) (b)

(c)

Fig. 1 Distribution of spatial loading of the leading mode of

precipitation anomalies in DJF (a) and JJA (b) and the corresponding

time series of the leading modes (curves) and DJF NINO3.4 SST

anomalies (bar) (c). The contour interval is 0.3 in (a) and (b). The

boxes in (a) and (b) denote the regions for calculation of area-mean

rainfall
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(Fig. 1c). This indicates a large contribution to the corre-

lation from 1982/83 and 1997/98 events.

The above relations are confirmed by the correlation of

grid-point rainfall anomalies in the preceding and suc-

ceeding winters with the summer leading mode time series.

In the preceding winter, significant positive correlation is

seen in southern South China Sea (Fig. 2a). In the suc-

ceeding winter, significant negative correlation is observed

in southern South China Sea (Fig. 2b). Similar correlation

distribution is obtained when the correlation is calculated

with reference to area-mean summer rainfall over the

region of 12.5�–22.5�N, 110�–120�E (Fig. 2c, d) where the

largest loading is seen in the summer leading mode.

Detailed examination of the leading mode time series

indicates both in-phase and out-of-phase relations from winter

to summer and from summer to winter. Table 1 lists the in-

phase and out-of-phase relation years during the analysis

period based on the criterion of 0.5 standard deviation of the

time series of the leading modes. From winter to summer, there

are 11 in-phase relation cases and 6 out-of-phase relation cases,

respectively. From summer to winter, there are 10 out-of-phase

relation cases and 5 in-phase relation cases, respectively. Thus,

(a) (b)

(c) (d)

Fig. 2 Distribution of correlation coefficient of grid-point precipita-

tion anomalies in preceding DJF (a) and succeeding DJF (b) with

respect to the time series of the leading mode of JJA precipitation

anomalies. c, d are similar to (a) and (b) except with respect to area-

mean JJA precipitation anomalies over northern South China Sea

(12.5�–22.5�N, 110�–120�E). The contour interval is 0.1

Table 1 Years of in-phase and out-of-phase relations between winter and summer

Winter to summer Summer to winter

In-phase

relation

1979-, 1980-, 1981?, 19832, 19841, 19872, 1989-, 19982,

20011, 20091, 20102
1979-, 1988-, 1989-, 1995?, 2005?

Out-of-phase

relation

1991-, 1995-, 1996?, 2005-, 2006?, 2007? 1980-, 1983–, 19911, 19941, 19962, 19982, 20021,

2006-, 20072, 20091

The ‘‘-’’/‘‘?’’ signs denote negative/positive winter rainfall anomalies in southern South China Sea for in-phase relation from winter to summer

or negative/positive summer rainfall anomalies in northern South China Sea for out-of-phase relation from summer to winter. Bold values denote

El Niño/La Niña decaying years for in-phase relation from winter to summer with opposite sign DJF NINO3.4 SST and southern South China

Sea rainfall anomalies and El Niño/La Niña developing years for out-of-phase relation from summer to winter with the same sign JJA NINO3.4

SST and northern South China Sea rainfall anomalies. Underlined values denote El Niño/La Niña decaying years and El Niño/La Niña

developing years that do not fit the above categories
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there are more in-phase relation years than out-of-phase rela-

tion years from winter to summer and more out-of-phase than

in-phase relation years from summer to winter. This contrast is

consistent with the result of correlation analysis.

The cross-season relation provides a source of predict-

ability for rainfall anomalies over the South China Sea. One

question is what contributes to the cross-season connection

of the South China Sea rainfall variability. This question is

addressed in the following sections. Understanding the fac-

tors for the cross-season connection can help to unravel the

source of predictability of the South China Sea climate.

4 In-phase relation from winter to summer

Among the 11 in-phase relation cases, 7 cases (1983, 1984,

1987, 1998, 2001, 2009, 2010) occurred in El Niño and La Niña

decay years (Fig. 1c). This indicates that ENSO is an important

factor for the in-phase relation from winter to summer. Indeed,

the correlation coefficients between the winter and summer

leading mode time series and DJF NINO3.4 (5�S–5�N, 170�–

120�W) SST anomalies are -0.66 and -0.37, respectively,

both of which are significant at the 95 % confidence level

according to the Student t test. In this study, El Niño and La

Niña events are defined following the Climate Prediction

Center (CPC) of National Ocean and Atmosphere Adminis-

tration (NOAA). Specifically, cold and warm episodes are

defined when the threshold ±0.5 �C is met for a minimum of 5

consecutive over-lapping seasons (http://www.cpc.ncep.noaa.

gov/products/analysis_monitoring/ensostuff/ensoyears.shtml).

To understand the processes leading to the in-phase

relation, we examine the evolution of composite anomalies

from winter to summer. The composite has been made for

all the 11 cases, the 7 ENSO-related cases, and the 4 non-

(a)

(b)

(c)

Fig. 3 Composite anomalies of precipitation (shading, unit: mm/day)

and 850 hPa wind (vector, unit: m/s) in DJF (a), MAM (b), and JJA

(c) for ENSO-related winter to summer in-phase relation cases. The

wind scale is shown at the top. Thick contours denote regions where

the composite precipitation anomalies are significant at the 95 %

confidence level according to one sample t test. Only wind anomaly

vectors that are significant at the 95 % confidence level are shown
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ENSO-related cases. Here, we focus on analyzing the 7

ENSO-related case composite. The 11 case composite

displays features similar to the 7 ENSO-related case

composite but with lower level of statistical significance in

the composite fields. Figure 3 displays the composite pre-

cipitation and 850 hPa wind anomalies from winter to

summer for the 7 ENSO-related cases. Figure 4 is similar

to Fig. 3 except for SST anomalies. In constructing the

composite, we have reversed signs of anomalies for cases

with negative time coefficient values. The statistical sig-

nificance is determined based on one sample t test.

The temporal evolution of composite wind, precipita-

tion, and SST anomalies is typical of that in La Niña

decaying years (Wang et al. 2003; Wu et al. 2003). In

winter, there are westerly wind anomalies over the

equatorial Indian Ocean, easterly wind anomalies over the

equatorial western and central Pacific Ocean, and an

anomalous cyclone over the South China Sea and the

Philippine Sea (Fig. 3a). Precipitation anomalies are neg-

ative over the equatorial Pacific, positive over eastern

Indian Ocean, southern South China Sea, and the Philip-

pine Sea. At this time, precipitation anomalies are small

over northern South China Sea. The wind and precipitation

anomalies feature a response to negative SST anomalies in

the equatorial central and eastern Pacific (Fig. 4a).

Anomalous cooling associated with negative SST anoma-

lies in the equatorial central Pacific leads to compensating

upward motion and lower-level cyclonic winds over the

South China Sea and the Philippine Sea (Wang et al. 2000).

The regional warm SST anomalies over tropical western

(a)

(b)

(c)

Fig. 4 Composite anomalies of SST (�C) in DJF (a), MAM (b), and JJA (c) for ENSO-related winter to summer in-phase relation cases. Thick

contours denote regions where the composite SST anomalies are significant at the 95 % confidence level according to one sample t test
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North Pacific may also contribute to the precipitation

increase through modulating the convective stability and

lower-level convergence (Wu and Wang 2000).

In spring (March–April–May or MAM in short), equa-

torial central Pacific SST anomalies weaken (Fig. 4b), so

do precipitation and lower-level wind anomalies (Fig. 3b).

The anomalous lower-level cyclone over the South China

Sea and the Philippine Sea migrates eastward. The positive

SST anomalies in southern Philippine Sea shrink in areal

coverage. In summer, equatorial Pacific SST anomalies

become weak (Fig. 4c), so do the lower-level wind and

precipitation anomalies (Fig. 3c). Significant negative SST

anomalies develop in the North Indian Ocean. Positive SST

anomalies in tropical North Pacific displaces eastward. The

wind anomalies north of the equator display a pronounced

eastward extension over the Philippine Sea and a north-

ward displacement over the North Indian Ocean and the

South China Sea. Similar changes are seen in precipitation

anomalies. In particular, positive rainfall anomalies domi-

nate over northern South China Sea and rainfall anomalies

over southern South China Sea are small.

The SST change in tropical North Pacific appears to be

related to surface heat flux anomalies (Wang et al. 2000).

Figure 5 shows composite surface net shortwave radiation,

latent heat flux, and net surface heat flux anomalies in

winter. The downward surface shortwave radiation is

reduced over the South China Sea and the Philippine Sea

(Fig. 5a) where precipitation and cloud increase (Fig. 3a)

(a)

(b)

(c)

Fig. 5 Composite anomalies of net surface shortwave radiation

(positive for downward flux) (a), latent heat flux (positive for upward

flux) (b), and net surface heat flux (positive for downward flux) (c) in

DJF for ENSO-related winter to summer in-phase relation cases.

Thick contours denote regions where the composite anomalies are

significant at the 95 % confidence level according to one sample

t test. The unit is Wm-2
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and increases over the equatorial central Pacific where

precipitation is suppressed. The upward latent heat flux

increases over northern South China Sea and the Philippine

Sea (Fig. 5b) where northeasterly anomalous winds

enhance surface wind speed (not shown). Over tropical

central North Pacific, the latent heat flux decreases. The

above surface shortwave radiation and latent heat flux

anomalies lead to an east–west contrast of net surface heat

flux anomalies with net ocean heat gain over tropical

central North Pacific and net ocean heat loss over the South

China Sea and the western North Pacific (Fig. 5c). This

favors an eastward move of positive SST anomalies.

The SST change in the North Indian Ocean during the

decaying phase of ENSO events has been attributed to the

ENSO effect through the atmospheric bridge (Klein et al.

1999). El Niño-induced ascent over the North Indian Ocean

increases the cloudiness and reduces the shortwave radia-

tion reaching the ocean surface (Klein et al. 1999; Fig. 5a).

The associated cyclonic winds enhance surface wind speed

and latent heat flux in spring (Figure not shown) when the

mean winds turn to westerly. Both shortwave radiation and

latent heat flux changes favor the development of negative

SST anomalies in summer (Wu et al. 2008; Du et al. 2009;

Wu 2009).

One prominent feature in summer is a contrast of SST

anomalies between tropical central North Pacific and the

North Indian Ocean. The wind and precipitation anomalies

over the South China Sea and the Philippine Sea feature a

Rossby wave type response to positive SST anomalies in

tropical central North Pacific, as pointed out by Wu et al.

(2010b, 2011). Numerical experiments with an atmospheric

general circulation model (AGCM) showed that local SST

anomalies in the western North Pacific can contribute to

circulation and convection changes by modulating lower-

level convergence and convective instability (Wu and

Wang 2000). Several recent studies emphasized the role of

the North Indian Ocean SST anomalies in the Philippine

Sea anomalous anticyclone during the El Niño decaying

phase through a Kelvin wave type response (Yang et al.

2007; Xie et al. 2009; Wu et al. 2009). Thus, it appears that

the wind and precipitation anomalies over the South China

Sea may be contributed by both positive SST anomalies in

tropical North Pacific and negative SST anomalies in the

North Indian Ocean, in other words, to an east–west con-

trast of SST anomalies. Since the SST changes in tropical

central North Pacific and the North Indian Ocean are

associated with ENSO-induced surface heat flux anoma-

lies, the South China Sea wind and precipitation anomalies

in summer can be considered as a delayed response to

ENSO.

The influence of the east–west contrast of SST anomalies

has been indicated by previous studies. Ohba and Ueda

(2006) indicated that the convection around the Philippines

in June is sensitive to both the North Indian Ocean SST

anomalies and the western North Pacific SST anomalies.

Their experiment, however, included the South China Sea

SST anomalies that actually result from atmospheric chan-

ges. As seen from Fig. 5, the net surface shortwave radiation

is reduced significantly over the South China Sea (Fig. 5a) in

association with the above-normal precipitation (Fig. 3a).

The upward latent heat flux also increases over northern

South China Sea (Fig. 5b). Together, there is a net heat loss at

the ocean–atmosphere interface (Fig. 5c), leading to SST

cooling. As shown by Wu et al. (2006), specification of

atmosphere induced SST anomalies in AGCM simulations

may force false atmospheric circulation and precipitation

anomalies. Through numerical experiments, Wu et al.

(2010a) demonstrated that the maintenance of the western

North Pacific anomalous anticyclone is contributed by both

local SST anomalies and the North Indian Ocean SST

anomalies. They concluded that the relative role of in situ and

the North Indian Ocean SST anomalies change with month

and the role of the western North Pacific SST anomalies

weakens in August. One issue with their AGCM experiments

is the inclusion of SST anomalies near the Philippines. These

SST anomalies, however, are a result of atmospheric change.

These regional SST anomalies produce a large anomalous

cyclone and associated positive rainfall anomalies in August,

which is opposite to observations. Thus, their conclusion

about the role of local SST anomalies in August is

questionable.

To demonstrate the impact of the east–west contrast of

SST anomalies, we conduct idealized numerical experi-

ments with CAM3 model. In the experiments, SST

anomalies with a magnitude of 0.5 �C are specified in

tropical central North Pacific (9�–21�N, 147.5�–180�E) or

the North Indian Ocean (9�–21�N, west to east coast) or

both. Our experiments overcome the issue of specifying

atmospheric induced SST anomalies in the concerned

region, i.e., the South China Sea. Six ensemble model

experiments are performed for each of the SST anomalies.

The model is integrated from June 1 to August 31 with the

initial condition from a control long-term integration with

climatological SST specified. In the model integration, the

SST anomalies are imposed from June 1-August 31. The

6-ensemble mean difference of experiments with imposed

SST anomalies minus the control experiment is considered

as the model response to the imposed SST anomalies.

Figure 6 shows the lower-level wind and precipitation

anomalies in response to positive SST anomalies in tropical

central North Pacific, negative SST anomalies in the North

Indian Ocean, and the above SST anomalies in both

regions. According to Fig. 6, both the positive SST

anomalies in tropical central North Pacific and negative

SST anomalies in the North Indian Ocean can induce

above-normal precipitation and anomalous cyclonic winds
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over northern South China Sea. When opposite SST

anomalies are imposed in the above two regions, the wind

and precipitation anomalies are much larger. This indicates

that opposite SST anomalies in the above two regions can

work in cooperation to enhance precipitation anomalies

over northern South China Sea. Note that the precipitation

response in the model experiments displays differences

from observations in northern Bay of Bengal and the

equatorial Indian Ocean.

For the four non-ENSO in-phase relation cases from

winter to summer, the composite does not show obvious

signals in the SST anomaly field (Figures not shown). The

individual cases display regional SST anomalies in the

western North Pacific and tropical southeastern Indian

Ocean during a specific season (winter or summer). This

suggests that although regional SST anomalies may con-

tribute to the South China Sea climate variability in indi-

vidual seasons, the cross-season connection is mostly

related to ENSO.

5 Out-of-phase relation from summer to winter

Among the 10 out-of-phase relation cases, 8 cases occurred

in years when El Niño or La Niña events develop with the

NINO3.4 SST anomalies in the following winter are of the

same sign as summer South China Sea precipitation

anomalies. The correlation coefficient of the summer

leading mode time series with the succeeding winter

NINO3.4 SST is ?0.37, significant at the 95 % confidence

level. Figure 7 shows composite lower-level wind and

precipitation anomalies from summer to winter. Figure 8 is

similar except for SST anomalies.

In summer, an anomalous cyclone occupies northern

South China Sea and the western North Pacific and wes-

terly lower-level wind anomalies extend from eastern Bay

of Bengal to the equatorial central Pacific (Fig. 7a). In

association, above-normal precipitation appears over

northern South China Sea and the western North Pacific,

whereas below-normal precipitation is seen over the

(a)

(b)

(c)

Fig. 6 Response of JJA precipitation (shading, unit: mm/day) and

850 hPa winds (vector, unit: m/s) to positive SST anomalies of 0.5 �C

in the region of 9�–21�N, 147.5�–180�E (a), negative SST anomalies

of 0.5 �C in the region of 9�–21�N of the North Indian Ocean (b), and

both (c). The wind scale is shown at the top

Cross-season relation of the South China Sea 201

123



Maritime Continent. These wind and precipitation anom-

alies feature a Rossby wave type response to positive SST

anomalies in the equatorial central and eastern Pacific

(Fig. 8a). The anomalous cyclone features a large west-

ward extension, which may indicate a contribution of

anomalous atmospheric cooling over the Maritime Conti-

nent via an anomalous Hadley type circulation. In turn,

suppressed precipitation over the Maritime Continent may

be attributed to positive SST anomalies in the equatorial

central Pacific via an anomalous Walker circulation (Wang

et al. 2003).

In fall, westerly wind anomalies and above-normal pre-

cipitation control the equatorial central Pacific (Fig. 7b).

The region of below-normal precipitation expands from the

Maritime Continent to the Bay of Bengal, the South China

Sea, and the Philippine Sea. Anticyclonic wind anomalies

develop over the North Indian Ocean and the South China

Sea. These wind and precipitation anomalies can be attrib-

uted to positive SST anomalies in the equatorial central and

eastern Pacific (Fig. 8b). On one hand, the positive SST

anomalies induce westerly wind anomalies and above-nor-

mal precipitation over the equatorial central Pacific through a

Gill type response. On the other hand, the associated

anomalous heating induces compensating downward motion

and anomalous cooling over the Maritime Continent that, in

turn, leads to below-normal precipitation and anomalous

anticyclone to the northwest through a Rossby wave type

response.

(a)

(b)

(c)

Fig. 7 Composite anomalies of precipitation (shading, unit: mm/day)

and 850 hPa wind (vector, unit: m/s) in JJA (a), SON (b), and DJF

(c) for summer to winter out-of-phase relation cases. The wind scale

is shown at the top. Thick contours denote regions where the

composite precipitation anomalies are significant at the 95 %

confidence level according one sample t test. Only wind anomaly

vectors that are significant at the 95 % confidence level are shown
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In winter, following a further increase in the positive

SST anomalies in the equatorial central and eastern Pacific

(Fig. 8c), both precipitation and wind anomalies intensify

over the tropics (Fig. 7c). In addition, wind and precipi-

tation anomalies move eastward both north and south of the

equator over the Indian Ocean and the western Pacific. At

this time, southern South China Sea is under the influence

of significant negative precipitation and anticyclonic wind

anomalies. In addition to positive SST anomalies in the

equatorial central and eastern Pacific, significant negative

SST anomalies develop in tropical western Pacific (Fig. 8b,

c). These negative SST anomalies may contribute to pre-

cipitation and wind anomalies over the South China Sea

and the Philippine Sea through a Rossby wave type

response (Wang et al. 2000) and through modulating the

lower-level moisture convergence and convective insta-

bility (Wu and Wang 2000). Thus, both positive SST

anomalies in the equatorial central Pacific and negative

SST anomalies in tropical western North Pacific appear to

contribute to precipitation and wind anomalies over the

South China Sea and the Philippine Sea.

The development of the negative SST anomalies in

tropical western North Pacific appears to be associated with

atmospheric changes. The positive rainfall anomalies in

summer over the Philippine Sea are accompanied by a

reduction of downward shortwave radiation reaching the

ocean surface (Fig. 9a). The anomalous westerly winds

enhance the surface wind speed, leading to an increase in

upward surface latent heat flux over southern Philippine

Sea (Fig. 9b). Together, these induce a net surface heat loss

(a)

(b)

(c)

Fig. 8 Composite anomalies of SST (�C) in JJA (a), SON (b), and DJF (c) for summer to winter out-of-phase relation cases. Thick contours

denote regions where the composite SST anomalies are significant at the 95 % confidence level according one sample t test
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over the Philippine Sea, leading to SST cooling. Thus, an

atmosphere–ocean interaction process operates over tropi-

cal western North Pacific during the out-of-phase relation

from summer to winter. Lestari et al. (2011) indicated a

similar atmospheric forcing of SST changes in the South

China Sea during strong monsoon years.

The above interaction feature is further demonstrated

using Fig. 10 that shows temporal evolution of area-mean

anomalies. Accompanying positive precipitation anomalies

in summer, net surface shortwave radiation reduces over

the Philippine Sea (Fig. 10a). At the same time, surface

evaporation enhances in association with the increase in

surface wind speed over southern Philippine Sea. Together,

the ocean loses heat through surface heat fluxes (Fig. 10b).

As a result, the SST decreases and turns from positive in

spring to negative in fall and winter in southern Philippine

Sea (Fig. 10b). The negative SST anomalies maintain to

winter, followed by intensified precipitation decrease in

winter over southern South China Sea.

6 Summary and discussions

The present study documents the cross-season connections

of rainfall variability between winter and summer in the

South China Sea region. Analysis of observations shows

(a)

(b)

(c)

Fig. 9 Composite anomalies of net surface shortwave radiation

(positive for downward flux) (a), latent heat flux (positive for upward

flux) (b), and net surface heat flux (positive for downward flux) (c) in

JJA for summer to winter out-of-phase relation cases. Thick contours

denote regions where the composite anomalies are significant at the

95 % confidence level according to one sample t test. The unit is

Wm-2
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that there is a tendency for above-normal rainfall over

southern South China Sea in boreal winter to be followed

by above-normal rainfall over northern South China Sea in

boreal summer. This winter-to-summer connection is

denoted as in-phase relation. Furthermore, above-normal

rainfall over northern South China Sea in boreal summer

tends to be succeeded by below-normal rainfall over

southern South China Sea in the following winter. This

summer-to-winter connection is denoted as out-of-phase

relation. The above cross-season connections of rainfall

anomalies provide a source of predictability for rainfall in

the South China Sea region.

The in-phase relation from winter to summer tends to

occur in the El Niño/La Niña decaying years. During the

mature phases of El Niño/La Niña events, anomalous

heating/cooling over the equatorial central Pacific induces

anomalous descent/ascent over southern South China Sea,

leading to decrease/increase in rainfall there. In the fol-

lowing summer, positive/negative SST anomalies in the

North Indian Ocean and negative/positive SST anomalies

in tropical central North Pacific develop in response to

ENSO induced surface heat flux changes, forming an east–

west contrast. The SST anomalies in the above two regions

operate together through Kelvin wave and Rossby wave

type responses, suppressing/enhancing rainfall over north-

ern South China Sea. Thus, these regional SST anomalies

act as a medium for a delayed impact of ENSO on the

South China Sea summer rainfall. The combined effects of

tropical central North Pacific and the North Indian Ocean

SST anomalies are confirmed by numerical experiments

with an AGCM.

The out-of-phase relation from summer to winter tends

to occur in the El Niño/La Niña developing years. In

summer, positive/negative SST anomalies in the equatorial

central Pacific induce an anomalous cyclone/anticyclone

that extends to northern South China Sea, enhancing/sup-

pressing rainfall there. Accompanying the maturing of El

Niño/La Niña events, anomalous descent/ascent reduces/

(a)

(b)

Fig. 10 Area-mean anomalies of net surface shortwave radiation

(Wm-2) and precipitation (mm/day) over the region of 10�–20�N,

120�–150�E, surface latent heat flux (Wm-2) and wind speed (m/s)

over the region of 5�–15�N, 120�–150�E (a), net surface heat flux

(Wm-2) and SST (�C) over the region of 5�–15�N, 120�–150�E and

precipitation (mm/day) over the region of 2.5�–12.5�N, 107.5�–

117.5�E (c). Marked points denote anomalies significant at the 95 %

confidence level according to one sample t test. In the plot,

precipitation, wind speed, and SST anomalies have been multiplied

by 5, 10, and 20, respectively
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enhances rainfall over southern South China Sea in winter.

The accompanying negative/positive SST anomalies in the

western North Pacific also contribute to the decrease/

increase of rainfall over southern South China Sea.

Analysis indicates that there is an air-sea interaction

process in the Philippine Sea region. Above-normal pre-

cipitation and enhanced wind increase the surface heat loss

during summer and fall, cooling down the SST in the

Philippine Sea. The lower SST, in turn, contributes to the

decrease of rainfall over southern South China Sea through

a Rossby wave type response in winter. This air-sea

interaction process provides a delayed impact of ENSO on

the South China Sea climate variability.

The present study focuses on the in-phase relation from

winter to summer and the out-of-phase relation from

summer to winter. As listed in Table 1, there are cases of

opposite rainfall anomalies between winter and summer as

well as cases of same sign rainfall anomalies between

summer and the following winter. Some of these cases are

El Niño/La Niña years. For example, out-of-phase relation

cases from winter to summer in 1995, 1995, 2005, 2006,

and 2007 are El Niño/La Niña decaying years; in-phase

relation cases from summer to winter in 1988, 1995, and

2005 are El Niño/La Niña developing years. These suggest

that ENSO decaying (developing) years are not always

accompanied by in-phase (out-of-phase) relation from

winter to summer (from summer to winter).

To understand why the above ENSO decaying (devel-

oping) years are not followed by in-phase (out-of-phase)

relation, we have compared the composite SST anomalies

in these cases with those in Figs. 4, 8. For the out-of-phase

relation cases from winter to summer, one feature to note is

that the SST anomalies in the North Indian Ocean and

tropical central North Pacific are weak in summer (Figure

not shown). This feature is also observed in individual

cases. This result appears to support the role of regional

SST anomalies in the above regions in relating ENSO to

summer South China Sea rainfall variability and thus the

in-phase relation from winter to summer. For the in-phase

relation from summer to winter, significant positive SST

anomalies are maintained in the equatorial western North

Pacific (Figure not shown), which are opposite to those in

Fig. 8c. These positive SST anomalies appear to induce

positive rainfall anomalies in southern South China Sea in

winter via a Rossby wave type response. This result sup-

ports the important role of the regional SST anomalies in

the equatorial western North Pacific in the summer to

winter connection of the South China Sea rainfall

anomalies.
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