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Abstract
The central China summer precipitation (CCSP) is of great importance to the people’s livelihood of this densely populated 
region, including the agriculture, ecosystems, water resources, economies, and health. Based on the observed precipitation, 
sea surface temperature (SST), and atmospheric reanalysis datasets, the present study investigates the effects of El Niño in 
the developing stage on the CCSP during 1960–2014. The results show that the CCSP anomalies exhibit significant negative 
correlations with the El Niño-related SST anomalies in both the simultaneous summer and the following winter, implying 
that the developing El Niño is important for modulating the CCSP. However, this climatic teleconnection of El Niño is 
unstable, with an obvious interdecadal change around the late 1980s. Specifically, the negative correlation is not statistically 
significant in the previous epoch before the late 1980s (1960–1988), but dramatically strengthens since the late 1980s (the 
post epoch for 1989–2014). Such an interdecadal change is closely associated with the change of the El Niño-related SST 
anomaly pattern. Compared to the previous epoch, the central Pacific El Niño occurs more frequently in the post epoch, 
leading to an interdecadal shift of the maximum warm SST anomalies from the eastern Pacific to the central Pacific. The 
resultant westward extension of the atmospheric circulation responses induces an anomalous low-level cyclone covering 
South China in the post epoch. It would prevent the southwest monsoon from delivering the moisture to the north and hence 
reduce the CCSP. While, in the previous epoch, the anomalous cyclone locates east of South China, exerting insignificant 
influence on the CCSP. This work highlights a strengthening effect of El Niño on the CCSP since the late 1980s, with great 
implications for the regional seasonal climate prediction.

Keywords  Interdecadal change · El Niño · Central China summer precipitation · Developing stage · East asian summer 
monsoon · Atmospheric teleconnection

1  Introduction

The central China locates between the middle reaches of 
the Yangtze River basin and the middle and lower reaches 
of the Yellow River basin and is an important agricultural 
and industrial center (Sun et al. 2010; Ren et al. 2013; Ke 
and Guan 2014; Hu et al. 2020). The local livelihood of 
millions of people and development of economies are vul-
nerable to the variations of summer precipitation, especially 
the droughts and floods brought by extreme precipitation 
anomalies (Hu et al. 2020). For example, the severe sum-
mer drought in Henan Province in 2014 (Wang et al. 2018) 
and the record-breaking Meiyu event over the Yangtze River 
basin in 2020 (Liu et al. 2020; Ding et al. 2021; Qiao et al. 
2021; Zheng and Wang 2021; Zhou et al. 2021) seriously 
threatened the local people’s living conditions and garnered 
much public attention. Thus, it is of great significance to 
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investigate the variations of the central China summer pre-
cipitation (CCSP) and the internal mechanisms.

As an integral part of the East Asian summer monsoon 
(EASM) system, the CCSP is strongly modulated by the 
intensity and advancement of the EASM (Hu et al. 2017). 
Abundant water vapor brought by the strong southwest mon-
soon, against the cold air from the north, often causes a 
quasi-stationary rainband over East Asia as a result of frontal 
activity (Chen et al. 2004; Ding and Chan 2005; Ding 2007; 
Su and Xue 2010; Chiang et al. 2020; Gao et al. 2020a, 
b). As the EASM migrates northward, when such a quasi-
stationary rainband anchors over the central China, the local 
heavy precipitation occurs frequently (Ding and Chan 2005; 
Sampe and Xie 2010; Chiang et al. 2020; Gao et al. 2020a, 
c), bringing huge impacts to the regional society and econ-
omy. Undoubtedly, a better understanding of the variations 
and causes of the EASM is conductive to grasp those of the 
CCSP.

El Niño-Southern Oscillation (ENSO) is the dominant 
interannual mode of the coupled ocean-atmosphere system 
in the tropics, exerting important influences on the EASM 
via the atmospheric teleconnection (Zhang and Sumi 1999; 
Wang et al. 2000, 2021; Chen 2002; Deser et al. 2010; Hu 
et al. 2017, 2020; Li and Lu 2020; Jiang et al. 2021; Liu 
et al. 2021). El Niño, as the warm phase of ENSO, generally 
develops in boreal summer and the early autumn, reaches its 
peak in boreal winter, and decays in the following spring and 
summer (An and Wang 2001; Tozuka and Yamagata 2003; 
Lau et al. 2005; Xie et al. 2009). It has different climate 
effects on the EASM during different phases (Huang and 
Wu 1989; Wu et al. 2003, 2009; Cao et al. 2019; Yong and 
Huang 2019). For the El Niño decaying summer, an anoma-
lous anticyclone exists over the Northwest Pacific (NWP). It 
could enhance the EASM and transport abundant moisture 
to the mainland, causing excessive precipitation over the 
Yangtze River basin (Zhang and Sumi 1999; Chang et al. 
2000a, b; Wang et al. 2000, 2003, 2013; Xie et al. 2009; Xie 
and Zhou 2017; Li et al. 2017b, 2021a; Hu et al. 2017, 2019, 
2020). In the past two decades, several theories were formed 
to explain the maintaining of the anomalous NWP anticy-
clone during the El Niño decaying summer. These theories 
include the NWP (Wang et al. 2000, 2013; Li et al. 2017b) or 
the central Pacific (Wang et al. 2013, 2017; Li et al. 2017b) 
SST forcing as a Rossby wave response, the forcing of the El 
Niño-related Indian Ocean basin warming as a Kelvin wave 
response (Yang et al. 2007; Xie et al. 2009, 2010, 2016; Li 
et al. 2019), and the nonlinear interaction between ENSO 
and annual cycle (Stuecker et al. 2013, 2015). All these stud-
ies advance the understanding of the effect of the decaying 
El Niño on the EASM.

While a large number of previous studies focused on the 
influence of El Niño on the East Asian climate in the decay-
ing summer (Chen et al. 2016, 2018; Xie et al. 2016; Hu 

et al. 2017, 2020; He et al. 2019), the impacts of El Niño in 
the developing summer on the East Asian climate, however, 
are relatively less studied. Previous studies (Wu et al. 2009; 
Wen et al. 2019, 2020) revealed that there is increased pre-
cipitation in the southeastern China and decreased precipi-
tation in the northern-central China during the developing 
summer of El Niño. In particular, while Wu et al. (2009) 
attributed this to an anomalous cyclone over the NWP and 
an anomalous anticyclone over the north Indian Ocean, Wen 
et al. (2019, 2020) recently ascribed this to an anomalous 
cyclone over the northeastern Asia and an anomalous anti-
cyclone over the NWP. Therefore, further inspections on the 
effects of the developing El Niño on the East Asian summer 
climate, especially the CCSP, may be needed.

In particular, since the late 1980s, the El Niño-related 
SST anomaly pattern experiences an obvious interdecadal 
change, with more frequent occurrences of the maximum 
SST anomalies in the central Pacific instead of the eastern 
Pacific (Table 1; Ashok et al. 2007; Kug et al. 2009; Yeh 
et al. 2009; Lee and McPhaden 2010; Pascolini-Campbell 
et al. 2015; Feng et al. 2020; He et al. 2021; Li et al. 2021b). 
Compared with the eastern Pacific (EP) El Niño, the cen-
tral Pacific (CP) El Niño causes different anomalous atmos-
pheric circulations and dry/wet distributions worldwide 
(Ashok et al. 2007; Weng et al. 2007, 2011; Feng et al. 2010; 
Karori et al. 2013; Chen et al. 2014; Li et al. 2014, 2021c; 
Cao et al. 2019; Wen et al. 2020). For example, while the 
atmospheric circulation anomalies over East Asia and the 
precipitation anomalies in China are very weak in the devel-
oping summer of the EP El Niño, there is an anomalous anti-
cyclone around Japan and anomalous cyclones to its north 
and south in the CP El Niño developing summer (Weng et al. 
2007; Yuan and Yang 2012; Yuan et al. 2012; Chen et al. 
2019), which might potentially bring droughts to the central 
China. Given that the regional climate effects between the 
EP El Niño and the CP El Niño are distinctly different in the 
developing summer, here we propose a hypothesis that the 
increased frequency of the CP El Niño events since the late 
1980s might cause an interdecadal change in the effects of 
the developing El Niño on the East Asian summer climate.

Table 1    A list of the El Niño 
developing years during 
1960–1988 and 1989–2014

The bold numbers denote the 
central Pacific (CP) El Niño 
years

Period Year

1960–1988 1963, 1965, 
1969, 1972, 
1976, 1977, 
1982, 1987

1989–2014 1991, 1994, 
1997, 2002, 
2004, 2006, 
2009
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The present study investigates the El Niño’s effects on 
the CCSP during its developing stage. Indeed, our results 
show that the relationship between the developing El Niño 
and the CCSP anomalies is unstable, with an interdecadal 
strengthening since the late 1980s. The analyses reveal that 
such an interdecadal change is closely associated with the 
increased occurrences of the CP El Niño events in the past 
three decades. The present results identify the CP El Niño as 
an important source of seasonal predictability of the CCSP 
since the late 1980s. This implies that an improved El Niño 
prediction will also be vital to improve the seasonal predic-
tion skills of the CCSP.

The rest of this paper is organized as follows. Section 2 
describes the datasets and methods used in this study. Sec-
tion 3 shows an interdecadal change in the relationships 
between the developing El Niño and the CCSP anomalies. 
Section 4 analyzes the possible mechanisms for this inter-
decadal change. Section 5 is a summary with discussion.

2 � Datasets and methods

In this study, the observed precipitation data are taken 
from the Climate Research Unit (CRU) land-based gridded 
observations at the University of East Anglia with a resolu-
tion of 0.5° × 0.5° (Harris et al. 2014). The monthly SST 
data (1.0° × 1.0°) are derived from the Hadley Centre of 
the U.K. Met Office (HadISST; Rayner et al. 2006). The 
monthly data of atmospheric fields, including the zonal and 
meridional components of wind, precipitation rate, omega 
and specific humidity, are taken from the National Centers 
for Environmental Prediction-National Center for Atmos-
pheric Research (NCEP-NCAR) reanalysis with a horizontal 

resolution of 2.5° × 2.5° (Kalnay et al. 1996). The present 
study period is from 1960 to 2014.

This study investigates the El Niño’s effects on the CCSP 
in the developing stage. For convenience, we denote boreal 
summer [June–July–August] as JJA, autumn [Septem-
ber–October–November] as SON, and the following winter 
[December–January–February] as DJF. The CCSP index is 
defined as the JJA precipitation anomalies averaged over 
the central China (28° N–38° N, 100° E–118° E; Fig. 1). 
The Niño3.4 index is denoted as the regional-averaged SST 
anomalies in 5° S–5° N, 170°  W–120° W. The El Niño 
event is identified by the 3-month running mean Niño3.4 
index exceeding the threshold of 0.5 °C and persisting for 
at least 5 months (also see https://​origin.​cpc.​ncep.​noaa.​
gov/​produ​cts/​analy​sis_​monit​oring/​ensos​tuff/​ONI_​v5.​php). 
According to this definition, we select 15 El Niño develop-
ing years (Table 1) for composite analyses. In addition, the 
CP El Niño years are marked out in Table 1, when the differ-
ence of the mature winter SST anomalies between the Niño4 
region (5° S–5° N, 160° E–150° W) and the Niño3 region 
(5° S–5° N, 150° W–90° W) is larger than zero. Indeed, the 
CP El Niño events appear more frequently than the EP El 
Niño events since the late 1980s (Table 1). In this study, we 
also use a two-tailed Student’s t test for the significance test 
of the correlation and composite analyses.

3 � Interdecadal change in the relationships 
between the developing El Niño 
and the CCSP

Figure 1a shows the correlations of the JJA precipitation 
anomalies over East Asia with the simultaneous JJA Niño3.4 
index during 1960–2014. There are significant negative 

Fig. 1   Correlation coefficients 
of the summer [June–July–
August (JJA)] precipitation 
anomalies with a the simultane-
ous JJA and b the following 
winter [December–Janu-
ary–February (DJF)] Niño3.4 
(5° S–5° N, 170° W–120° W) 
indices during 1960–2014. The 
dots indicate that the correla-
tions are at a significance level 
of p < 0.05. The box area in 
each panel denotes the region 
of the central China (28° N–38° 
N, 100° E–118° E). All data are 
linearly detrended

https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php
https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php
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correlations in the central China (28° N–38° N, 100° E–118° 
E), with large values mainly in the north and west, indicating 
that the summer precipitation anomalies in the central China 
are closely associated with the simultaneous SST anomalies 
in the tropical central and eastern Pacific. As the simultane-
ous summer correlations cannot well distinguish the El Niño 
developing stage and decaying stage (Wu et al. 2010), we 
further present the correlations between the JJA precipitation 
anomalies and the following DJF Niño3.4 index (Fig. 1b). 
Obviously, the prominent negative correlations still exist in 
the central China, similar to that in Fig. 1a. This confirms 
that the interannual relationship between the developing El 
Niño and the CCSP anomalies is pronounced.

In Fig. 2a, b, the regressions of the JJA 850-hPa stream-
function and rotational wind anomalies onto the simultane-
ous JJA and the following DJF Niño3.4 indices are used 
to explore how the SST anomalies in the tropical central 
and eastern Pacific affect the precipitation anomalies over 
the central China. Results show that there is an anomalous 

cyclone over South China, which would prevent the south-
west monsoon from delivering the moisture to the north, 
thus resulting in decreased precipitation over the central 
China. On the one hand, such an anomalous cyclone can be 
considered as a Gill-type Rossby wave response exerted by 
the anomalous warming over the central and eastern Pacific 
(Wang et al. 2013, 2017; Li et al. 2017b). On the other hand, 
the Walker circulation adjustment can also be considered 
as a culprit (Weng et al. 2007; Yuan and Yang 2012; Wang 
et al. 2013; Huang et al. 2018; Li et al. 2017b). Figure 2c, 
d display the JJA 200-hPa velocity potential and divergent 
wind anomalies regressed onto the simultaneous JJA and the 
following DJF Niño3.4 indices, respectively. The upper-level 
velocity potential and divergent winds are used to reflect 
the descending and ascending motions of the Walker circu-
lation. Here the negative velocity potential combined with 
the divergent wind in the upper troposphere indicates the 
ascending motion, while the positive velocity potential com-
bined with the convergent wind indicates the descending 

Fig. 2   Regressions of the anomalous JJA 850-hPa streamfunction 
(contours; 106  s−1) and rotational winds (arrows; m s−1) onto a the 
simultaneous JJA Niño3.4 index and b the following DJF Niño3.4 
index during 1960-2014. c, d Same as a and b, but for the anoma-
lous JJA 200-hPa velocity potential (contours; 106 m2 s−1) and 

divergent winds (arrows; m s−1). e, f Same as a and b, but for the 
anomalous JJA vertical winds averaged over 100° E–118° E (contours 
and arrows; 10−2 Pa s−1). The shaded areas and arrows are at a sig-
nificance level of p < 0.1. Wind speeds less than 0.15 m s−1 are not 
shown



1269Interdecadal change in the influence of El Niño in the developing stage on the central China summer…

1 3

motion. The results exhibit prominent ascending motions 
over the central and eastern Pacific and descending motions 
over the Maritime continent, indicating a weakened Walker 
circulation under the El Niño condition. The suppressed 
convection over the Maritime continent associated with 
the weakened Walker circulation would induce a weakened 
regional Hadley circulation (Wang 2002a, b, 2019; Yuan and 
Yang 2012). The JJA vertical wind anomalies regressed onto 
the simultaneous JJA and the following DJF Niño3.4 indices 
can further demonstrate this. Indeed, the suppressed convec-
tion over the Maritime continent is accompanied with an 
anomalous ascending motion north of the equator (Fig. 2e, 
f), which could induce an anomalous cyclone over South 
China and thus weaken the EASM (Fig. 2a, b). As a result, 
the developing El Niño significantly decreases the CCSP.

Given that the El Niño-related SST anomaly pattern expe-
riences an obvious interdecadal change with a shift of the 
maximum warm SST anomalies from the eastern Pacific to 
the central Pacific in recent three decades, the relationships 
between the developing El Niño and the CCSP anomalies 
might also undergo an interdecadal change. To explore this 
issue, we calculate both the correlations for the whole period 
and the 21-year moving correlations between the normalized 
time series of the CCSP index and the simultaneous JJA/fol-
lowing DJF Niño3.4 index (Fig. 3). During 1960–2014, the 
correlation coefficients of the CCSP index with the simulta-
neous JJA and the following DJF Niño3.4 indices are − 0.23 
(p < 0.1) and − 0.36 (p < 0.01), respectively. The significant 

correlation coefficients suggest that the relationship between 
the developing El Niño and the CCSP anomalies is evident 
for the whole period. However, the 21-year moving correla-
tion coefficients of the CCSP anomalies with the simultane-
ous JJA and the following DJF Niño3.4 indices show that 
such a negative correlation is unstable, with an interdecadal 
change since the late 1980s. Specifically, both the 21-year 
moving correlations are insignificant during 1960–1988 
(the previous epoch) but dramatically strengthened during 
1989–2014 (the post epoch). This suggests that the sig-
nificant correlation for the whole period is a result of the 
strengthened relationship between the developing El Niño 
and the CCSP anomalies since the late 1980s.

Such an interdecadal change is also clearly presented 
by the spatial distributions of the correlation coefficients 
between the JJA precipitation anomalies and the simultane-
ous JJA/following DJF Niño3.4 index during 1960–1988 and 
1989–2014 (Fig. 4). In the previous epoch, the correlation 
coefficients are weak, with insignificant positive correlations 
in the southeast of the central China and weak negative cor-
relations in the rest part of the central China (Fig. 4a, c). In 
contrast, in the post epoch, strong negative correlations dom-
inate the central China with the maximum value of about 
− 0.8 (Fig. 4b, d). It directly demonstrates that the central 
China is prone to suffer drought during the summer when an 
El Niño event is in its developing stage since the late 1980s.

Figure 5 presents the scatter plots between the JJA cen-
tral China precipitation anomalies and the simultaneous 

Fig. 3   a Interannual time 
series of the JJA central China 
summer precipitation (CCSP) 
index (dashed black line) and 
the simultaneous JJA Niño3.4 
index (solid black line) during 
1960–2014. The solid blue line 
denotes the 21-year moving 
correlation coefficients between 
the two. b Same as a, but for 
the JJA CCSP index (dashed 
black line) and the follow-
ing DJF Niño3.4 index (solid 
black line). The dashed blue 
lines in each panel denote the 
significance levels of p < 0.05 
and p < 0.01, respectively. All 
data are linearly detrended and 
standardized
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JJA/following DJF Niño3.4 index during 1960–1988 and 
1989–2014. In the previous epoch, the correlation coeffi-
cient between the CCSP index and the simultaneous JJA/
following DJF Niño3.4 index is low and not statistically sig-
nificant (Fig. 5a, c), while this correlation in the post epoch 
is dramatically strengthened with a correlation coefficient 
of − 0.51/− 0.56 at a significance level of p < 0.01 (Fig. 5b, 
d). This further demonstrates that the El Niño’s impact on 
the CCSP in the developing summer has strengthened since 
the late 1980s.

Figure 6 compares the correlation coefficients of the 
CCSP index with the SST anomalies from the simultane-
ous JJA to the following DJF between the previous and the 
post epochs. In the previous epoch, the CCSP exhibits insig-
nificant correlations with the tropical Pacific SST anomalies 
from JJA to DJF (Fig. 6a–c). By contrast, the correlations 
of the CCSP with the tropical Pacific SST anomalies are 
much stronger in the post epoch, with statistically significant 
negative correlations dominating the region of the equato-
rial central Pacific during the simultaneous JJA and spread-
ing into the equatorial eastern Pacific in the following SON 
and DJF (Fig. 6d–f). This suggests that the CCSP anomalies 

are closely associated with the development of the El Niño 
events in the post epoch. The distinct correlation patterns in 
the Indian Ocean between the previous and post epochs also 
witness this changed relationship. According to the previous 
studies (Chowdary and Gnanaseelan 2007; Du et al. 2009; 
Xie et al. 2010, 2016; Wu et al. 2021), the variabilities of 
the Indian Ocean SST are closely associated with the El 
Niño events. With the development of El Niño, there are 
easterly wind anomalies over the equatorial Indian Ocean 
through Walker circulation adjustment, which maintain a 
negative wind curl over the southeast Indian Ocean and 
force downwelling Rossby waves propagating to the west 
(Xie et al. 2002; Du et al. 2009). As El Niño matures in 
winter, the enhanced solar radiation would cause the cool 
southeast Indian Ocean (a result of the seasonally upwelling 
off Java and Sumatra) to warm (Chowdary and Gnanasee-
lan 2007; Du et al. 2009), while the westward propagated 
Rossby waves would contribute to strengthened warming in 
the southwest Indian Ocean (Xie et al. 2002; Du et al. 2009). 
As a result, there is a charging process of the Indian Ocean 
SST with a dipole mode in autumn changing into a basin 
mode in the El Niño maturing winter. Such charging process 

Fig. 4   Correlation coeffi-
cients of the JJA precipitation 
anomalies with the simultane-
ous JJA Niño3.4 index during 
the periods a1960–1988 and b 
1989–2014. c and d Same as a 
and b, but with the following 
DJF Niño3.4 index, respec-
tively. The dots indicate that the 
correlations are at a significance 
level of p < 0.05. The box area 
in each panel denotes the region 
of the central China. All data 
are linearly detrended
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of the Indian Ocean is robust in the correlation pattern of 
the CCSP index with the SST anomalies from the simultane-
ous summer to the following winter during the post epoch 
(Fig. 6e, f). While that in the previous epoch is not shown 
(Fig. 6b, c). All of these confirm that there is a strengthened 
relationship between the developing El Niño and the CCSP 
anomalies since the late 1980s.

4 � Possible mechanisms 
for the strengthening influence of El Niño

4.1 � Interdecadal change in the El Niño intensities

The El Niño intensity can be expected to exert a great impact 
on the regional climate. A stronger El Niño event tends to 
have a larger effect on the East Asian summer climate (Wang 
et al. 2017). For example, the supper strong 1997/1998 El 
Niño event induces a devastating flood during the summer of 
1998 over the Yangtze River basin, causing huge casualties 
and economic losses in the region (Huang et al. 1998; Zhou 

et al. 2005; Xue and Liu 2008; Jiang et al. 2010). Therefore, 
we first examine the interdecadal variation of the El Niño 
intensities. Figure 7 displays the 21-year moving standard 
deviations of the JJA Niño3.4, Niño3 and Niño4 indices, 
together with that of the 21-year moving correlation coeffi-
cients of the CCSP anomalies with the simultaneous JJA and 
the following DJF Niño3.4 indices. The standard deviation 
of the Niño3.4 index as well as that of the Niño3 and Niño4 
indices denotes the intensity of the ENSO events, which are 
largely consistent in the variations. However, they all exhibit 
weak correlations with the developing El Niño-CCSP rela-
tionship. Specifically, the correlation coefficients between 
the moving standard deviation of the JJA Niño3.4 index and 
the two moving correlations are − 0.25 and − 0.22 (p > 0.1), 
respectively. For the correlations of the moving standard 
deviation of the JJA Niño3/ Niño4 index with the two mov-
ing correlations, they are − 0.28/− 0.27 and − 0.24/− 0.17 
(p > 0.1), respectively. This illustrates that the dramatical 
interdecadal change of the El Niño-CCSP relationships since 
the late 1980s cannot be explained by that of the El Niño 
intensities.

Fig. 5   Scatterplots of the CCSP 
index with the simultaneous 
JJA Niño3.4 index during the 
periods a1960–1988 and b 
1989–2014, respectively. c and 
d Same as a and b, but with the 
following DJF Niño3.4 index. 
Black lines and r in each panel 
denote linear fit and the cor-
relation coefficient between the 
CCSP index and the Niño3.4 
index, respectively. All data are 
linearly detrended and standard-
ized
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4.2 � Interdecadal change in the El Niño‑related SST 
anomaly patterns

The relationship between the developing El Niño and the 
CCSP anomalies strengthens since the late 1980s. Notably, 
the frequency of the CP El Niño also increases since the 
late 1980s (Ashok et al. 2007; Yeh et al. 2009; Lee and 
McPhaden 2010). According to the statistics, there are two 
CP El Niño events and six EP El Niño events in the previ-
ous epoch. In contrast, there are five CP El Niño events and 
two EP El Niño events in the post epoch (Table 1). Obvi-
ously, the CP El Niño events appear more frequently than 
the EP El Niño events in the post epoch. Previous studies 

reported that the CP El Niño could exert more significant 
effect on the East Asian climate than the EP El Niño in the 
developing summer (Weng et al. 2007; Yuan and Yang 2012; 
Yuan et al. 2012; Chen et al. 2019). Therefore, the changed 
El Niño-related SST anomaly pattern might be the reason 
for the interdecadal change in the relationship between the 
developing El Niño and the CCSP since the late 1980s.

To demonstrate this, here we conduct composite anal-
yses based on the El Niño developing years of the two 
epochs. Note that there is one super strong El Niño event 
(1982/1983 and 1997/1998) in the previous and post epochs, 
respectively. To remove the influence of the super strong El 
Niño events, we exclude the years of 1982 and 1997 in the 

Fig. 6   Correlation coefficients of the CCSP index with a the simulta-
neous JJA, b the following autumn [September–October–November 
(SON)] and c the following DJF SST anomalies during the period 

1960–1988. d–f Same as a–c, but for the period 1989–2014. The dots 
indicate that the correlations are at a significance level of p < 0.05. 
All data are linearly detrended
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composite analyses. Figure 8 displays the evolutions of the 
composite SST anomalies from MAM to SON for the El 
Niño developing years during 1960–1988 and 1989–2014. 
In both epochs, the SST anomalies in the tropical Pacific fea-
ture a developing process of the El Niño event from MAM 
to SON. But the SST anomaly patterns in the tropical Pacific 
are quite different between the previous and post epochs. 
Specifically, in the previous epoch, SST anomalies in the 
tropical Pacific feature a dipole mode with cooling in the 
west and warming in the east. With the development of the 
El Niño events, the NWP SST anomalies get cooler. And the 
warm SST anomalies of the developing El Niño gradually 
grow from MAM to SON with the maximum warm SST 
anomalies located in the tropical eastern Pacific. (Fig. 8a–c). 
In contrast, in the post epoch, such dipole SST anomaly pat-
tern only appears in SON. And the warm SST anomalies in 
the tropical Pacific mainly develop in JJA and strengthen in 
SON, with stronger warming in the central Pacific region 
than the eastern Pacific region (Fig. 8d–f). Obviously, in 
the developing summer of El Niño, there are remarkable 
discrepancies in the SST anomaly pattern between the previ-
ous and the post epochs with an evident interdecadal shift of 
the maximum warm SST anomalies from the eastern Pacific 
to the central Pacific.

In Fig. 9, we further display the monthly evolutions of 
the Niño3 and Niño4 indices for the El Niño developing 
years between the previous and the post epochs. In the Niño3 
region, the SST anomalies in the previous epoch are stronger 
than that in the post epoch. In particular, in the middle and 
late JJA, the Niño3 SST anomalies in the previous epoch 
are more than twice of that in the post epoch (Fig. 9a). By 
contrast, in the Niño4 region, the situation is opposite. Dur-
ing JJA, significant warming only occurs in the post epoch 
(Fig. 9b). All these indicate that the anomalous warming 
centers of the developing El Niño events are quite different 

between the previous and the post epochs, which mainly 
locate in the eastern Pacific during the previous epoch but in 
the central Pacific during the post epoch. Furthermore, the 
changed El Niño-related SST anomaly pattern since the late 
1980s also implies that the regional atmospheric circulation 
responses to El Niño would also undergo an interdecadal 
shift between these two epochs.

4.3 � Interdecadal change in the El Niño‑induced 
atmospheric circulation anomalies

Figure 10 shows the composite SST as well as the 850-hPa 
wind and streamfunction anomalies for the El Niño devel-
oping summer during 1960–1988 and 1989–2014. In both 
epochs, anomalous cyclonic circulations, along with the 
negative streamfunction contours, appear over the NWP, as 
a Gill-type Rossby wave response to the equatorial Pacific 
SST warming. However, corresponding to the distinct SST 
anomaly pattern between the previous and post epochs, the 
locations of the two cyclones also show large discrepan-
cies for the two subperiods (Fig. 10). During 1960-1988, 
the anomalous cyclone locates between 120° E and 170° 
E, with its west rim east of South China (Fig. 10a). In con-
trast, during 1989–2014, such an anomalous cyclone locates 
between 100° E and 160° E, with its north part located over 
South China (Fig. 10b). Clearly, the low-level atmospheric 
circulation anomalies extend westward from the previous 
epoch to the post epoch (Fig. 10), physically consistent with 
the westward shift of the maximum warm SST anomalies 
from the eastern Pacific to the central Pacific (Figs. 8, 9). 
Such a westward extension of the atmospheric circulation 
anomalies, with an anomalous cyclone reaching South China 
in the post epoch, would weaken the southwest monsoon and 
affect the water vapor budget of the central China, and thus 

Fig. 7   The 21-year moving standard deviations (SDs) of the JJA 
Niño3.4 index (solid black line), Niño3 index (dashed black line) 
and Niño4 index (dotted black line) during 1960–2014. The solid 
(dashed) blue line is the 21-year moving correlations between the 

CCSP index and the simultaneous JJA (following DJF) Niño3.4 index 
during 1960–2014. The straight dashed blue lines denote the signifi-
cance levels of p < 0.05 and p < 0.01, respectively. All data are lin-
early detrended and standardized



1274	 L. Chen et al.

1 3

explain why there are prominent CCSP anomalies during the 
El Niño developing stage since the late 1980s.

How do the different SST anomaly patterns in the tropi-
cal Pacific during the previous and the post epochs result 
in distinct low-level atmospheric circulation responses over 
South China? According to the previous studies, SST warm-
ing in the tropical Pacific can directly exert an anomalous 
cyclone propagating to the west as a Gill-type Rossby wave 
response (Wang et al. 2013, 2017; Chen et al. 2014; Li 
et al. 2017b). Corresponding to the westward shift of the 
warm SST anomalies in the tropical Pacific, the Gill-type 
atmospheric circulation responses also extend westward. As 
a result, the anomalous cyclone in the post epoch reaches 
South China while that in the previous epoch is far away 
from South China (Fig. 10).

Meanwhile, the adjustment of the Walker circulation 
also plays an important role. Figure 11 shows the com-
posite JJA 200-hPa velocity potential and divergent wind 
anomalies for the El Niño developing years during the 
previous and post epochs. In both epochs, the anoma-
lous warm SST in the tropical Pacific anchors large-scale 
divergent motions over the central and eastern Pacific and 
convergent motions over the Indo-western Pacific, indicat-
ing a weakened Walker circulation (Fig. 11). However, 
as there are discrepancies in the El Niño SST anomaly 
patterns between the previous and post epochs, the upper-
level divergent and convergent area also exhibits substan-
tial differences. In response to the westward shift of the 
anomalous warming center in the tropical Pacific from the 
previous epoch to the post epoch, the anomalous Walker 

Fig. 8   Composite SST anomalies (°C) of the developing a spring [March–April–May (MAM)], b JJA and c SON for the El Niño events during 
1960-1988. d–f, Same as a–c, but for the period 1989-2014. The dots in each panel indicate that the correlations are at a significance of p < 0.05
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cell also shifts westward (Fig. 11). The sinking branch of 
the Walker circulation reaches to the Maritime Continent 
in the post epoch (Fig. 11b), while that in the previous 
epoch is weak and relatively shifts eastward (Fig. 11a). 
The suppressed convections with decreased precipitation 
(calculated by the precipitation rate) over the Indo-western 
Pacific in these two epochs also support this (Fig. 11).

Different locations of the suppressed convection over 
the Indo-western Pacific would further cause differ-
ent Hadley circulation responses (Yuan and Yang 2012; 
Wang 2019). In Fig. 12, we display the composite JJA 
vertical wind anomalies averaged over 100° E–118° E for 
the El Niño developing years during the previous and post 
epochs. Obviously, corresponding to the more significant 
anomalous descending motion over the Maritime continent 
in the post epoch, prominent anomalous ascending motion 
appears over South China (Fig. 12b). But in the previous 
epoch, such vertical motion over South China is weak and 
insignificant (Fig. 12a). The ascending motion is combined 
with the airflow convergence in the low-level. As a result, 
there are prominent cyclonic circulation anomalies over 
South China in the post epoch (Fig. 10b), while that in the 
previous epoch are not evident (Fig. 10a).

The different atmospheric circulation responses between 
the previous and post epochs would certainly cause different 
water vapor budget over the central China. Figure 13 shows 
the composite JJA vertically integrated (1000–300-hPa) 
water vapor flux and its divergence for the El Niño develop-
ing years during the two epochs. The vertically integrated 
water vapor flux resembles the low-level circulation pattern 
to a large extent, indicating that the low-level wind plays 
an important role in transporting the moisture. In the post 
epoch, the significant cyclonic circulation anomalies over 
South China, with anomalous northeasterly winds in the 
west, weaken the prevailing southwest monsoon and result 
in divergence over the central China. As a result, there is 
a deficit in the CCSP during the El Niño developing stage 
(Fig. 13b). While in the previous epoch, there are insignifi-
cant circulation anomalies over China, and thus inapparent 
water vaper transport from the ocean to the central China 
(Fig. 13a). This explains why the relationship in the El Niño-
CCSP is weak during this period.

Finally, we present the relationships among the tropical 
Pacific SST anomalies, the South China cyclonic circulation 
anomalies and the CCSP anomalies for the previous and 
post epochs, respectively (Fig. 14), which can help us better 

Fig. 9   Composite evolutions 
of SST anomalies averaged in 
the a Niño3 region (5° S–5° N, 
150° W–90° W) and b Niño4 
region (5° S–5° N, 160° E–150° 
W) from the El Niño develop-
ing March to the decaying 
February during 1960–1988 
and 1989–2014. The solid bars 
are at a significance level of p 
< 0.05. The months of June, 
July and August in each panel 
are boxed
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understand the strengthened influences of the developing 
El Niño on the CCSP since the late 1980s. The CP El Niño 
events occur more frequently since the late 1980s, leading 
to an interdecadal shift of the El Niño-related SST anomaly 
pattern from the eastern Pacific to the central Pacific (Figs. 9, 
10). The changed SST anomaly pattern further results in a 
different location of low-level cyclonic circulations over the 
NWP, with an anomalous cyclone reaching to South China 
in the post epoch, while that in the previous epoch locates in 
the east of South China (Fig. 10). When denoting the South 
China cyclone index as the difference of the 850-hPa zonal 
wind anomalies averaged between the regions of 20° N–30° 
N, 100° E–120° E and 5° N–15° N, 100° E–130° E, the 
correlation coefficient between the JJA Niño3.4 index and 
the simultaneous South China cyclone index is statistically 
insignificant in the previous epoch (Fig. 14a), while that 
in the post epoch is greatly strengthened, with a correla-
tion coefficient of 0.52 at a significance level of p < 0.01 
(Fig. 14c). Such an anomalous cyclone over South China 
greatly prevents the southwest monsoon from transporting 
water vapor to the north (Fig. 13b). As a result, decreased 

precipitation occurs over the central China in the post epoch 
(Figs. 11b, 13b). The correlation between the South China 
cyclone index and CCSP index in the post epoch further 
supports this, with a correlation coefficient of − 0.75 at a 
significance level of p < 0.001 (Fig. 14d). However, this cor-
relation is not statistically significant in the previous epoch 
(Fig. 14c).

5 � Summary and discussion

The variation of the CCSP is of great social and eco-
nomic significance for this densely populated region. The 
present study identifies that the El Niño events strongly 
modulate the CCSP, with negative precipitation anoma-
lies locate in the region of the central China during the 
summertime when an El Niño event is in its developing 
phase. However, such a negative correlation between the 
developing El Niño and the CCSP anomalies is unsta-
ble, exhibiting an interdecadal change around 1989, with 

Fig. 10   Composite anomalies 
of the JJA SST (shaded; °C), 
850-hPa winds (arrows; m s−1) 
and 850-hPa streamfunction 
(contours; 107 s−1; purple line 
denotes the zero contour) for the 
El Niño developing years during 
a 1960–1988 and b 1989–2014. 
The dots indicate that the 
composited SST anomalies 
are at a significance level of p 
< 0.05. The shown arrows are 
presented with the zonal or 
meridional component of the 
wind anomalies exceeding the 
significance level of p < 0.1. 
Wind speeds less than 0.5 m s−1 
are not shown
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weak correlation during the previous epoch (1960–1988) 
but dramatically strengthened correlation during the post 
epoch (1989–2014).

Further analyses suggest that the interdecadal change in 
the El Niño–CCSP relationships is mainly attributed to that 
of the El Niño SST anomaly patterns. In the previous epoch, 
the anomalous warm SST center in the El Niño developing 
summer locates in the equatorial eastern Pacific, while it 
shifts to the central Pacific in the post epoch. The changed 
El Niño SST anomaly pattern in the tropical Pacific results 
in different atmospheric circulation responses. Correspond-
ing to the westward shift of the SST anomaly patterns from 
the previous epoch to the post epoch, the El Niño-related 
Walker circulations also extend westward. This leads to 
anomalous descending motions over the Maritime Continent 
and further emanates an off-equatorial anomalous low-level 
cyclone covering South China. The anomalous cyclone pre-
vents the southwest monsoon from delivering the moisture 
to the north, reducing precipitation in the central China. 
However, such an anomalous cyclone only appears over the 

east of South China during the previous epoch, thus having 
no significant effect on the CCSP.

The present study highlights that the increased occur-
rences of the CP El Niño events could lead to a strength-
ened impact of El Niño on the CCSP in the developing 
stage. It is reported that such increased occurrences of 
the CP El Niño originate from a warmer Atlantic due to 
the positive phase of Atlantic multidecadal oscillation and 
the global warming trends (McGregor et al. 2014; Li et al. 
2016b; Cai et al. 2019). However, even there is a better 
understanding of the physical mechanisms of the El Niño 
events, accurate prediction of the El Niño events in the 
coupled general circulation models still suffers great chal-
lenges (Barnston et al. 2012; Li and Xie 2014; Li et al. 
2016a, 2017a; Newman and Sardeshmukh 2017; Petrova 
et al. 2017), particularly for CP El Niño events, as their 
evolution and climate feedbacks tend to be more difficult to 
forecast than those of EP El Niño events (Jeong et al. 2012; 
Wang et al. 2019). This potentially limits the prediction 
skill in the El Niño-related atmospheric teleconnections in 

Fig. 11   Composite anomalies 
of the JJA 200-hPa velocity 
potential (contours; 106 m2 
s−1; purple line denotes the 
zero contour), divergent wind 
(arrows; m s−1) and simultane-
ous JJA precipitation (calculated 
by precipitation rate; shaded; 
mm month−1) for the El Niño 
developing years during a 
1960–1988 and b 1989–2014. 
The shaded areas are at a sig-
nificance level of p < 0.2. Wind 
speeds less than 0.5 m s−1 are 
not shown. The box area in each 
panel denotes the region of the 
central China
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Fig. 12   Composite JJA vertical 
wind anomalies (contours and 
arrows; 10−2 Pa s−1; the shaded 
areas are at a significance level 
of p < 0.1) averaged over 100° 
E–118° E for the El Niño devel-
oping years during a 1960–1988 
and b 1989–2014. The shown 
arrows are presented with the 
vertical wind anomalies exceed-
ing the significance level of p 
< 0.1. The arrows with wind 
speed less than 0.2 m s−1 are 
removed

Fig. 13   Composite anomalies of the JJA water vapor flux inte-
grated from 1000 to 300-hPa (arrows; kg m−1 s−1) and its divergence 
(shaded; 10−5 kg m−2 s−1) for the El Niño developing years during a 
1960–1988 and b 1989–2014. The shaded areas are at a significant 
level of p < 0.2. The shown arrows are presented with the zonal or 

meridional component of the water vapor flux anomalies exceeding 
the significance level of p < 0.1. The arrows with water vapor flux 
anomalies less than 5 kg m−1 s−1 are not shown. The box area in each 
panel denotes the region of the central China
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the recent epoch (Zou et al. 2014; Feng et al. 2019; Wang 
et al. 2019; Yu et al. 2020; Wu et al. 2020; Chen et al. 
2021), such as the CCSP. This means that an improved El 
Niño prediction is a priority for the reliable prediction of 
the CCSP. Owing to the high dependence of the central 
China on summer precipitation, the potential benefits of an 
improved seasonal prediction of the CCSP are enormous 
for the local people’s livelihood, including the agriculture, 
ecosystems, water resources, economies, and health.

With a more frequent occurrence of the CP El Niño 
events, is the relationship between the decaying El Niño and 
the CCSP anomalies also changed since the late 1980s? The 
mechanisms of El Niño influencing the East Asian summer 
climate in the decaying stage are rather complex. It is medi-
ated not only by the intensity and location of the El Niño 
events, but also the decaying pace of the El Niño events 
(Feng et al. 2010; Xie et al. 2010; Chen et al. 2016; Wang 
et al. 2017; Zhou et al. 2019; Wu et al. 2020). Whether/how 
the changing El Niño activity also modulates the relation-
ship between the decaying El Niño and the CCSP anomalies 
needs further exploration in the future work.
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