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Abstract
The secular change of the Asian monsoon (AM)-El Niño–Southern Oscillation (ENSO) relationship has been recognized 
as a specter for seasonal forecast. The causes of such changes have not been well understood. How the monsoon-ENSO 
relationship underwent secular changes beyond instrumental period has rarely been discussed. Here we explore the multi-
decadal to centennial changes of the AM-ENSO relationship with the recently compiled Reconstructed Asian summer Pre-
cipitation (RAP) dataset (1470–2013) and multiple ENSO proxy indices. During the past five centuries, two leading modes 
of interannual variability of RAP are found to be associated with the ENSO developing and decaying phases, respectively. 
The mechanisms behind the modern monsoon-ENSO relationship can reasonably well explain the past monsoon behavior. 
In response to a developing ENSO, precipitation anomalies from the Maritime Continent (MC) via India to northern China 
are in phase, and this “chain reaction” tends to be largely steady since around 1620 AD when the Indian summer monsoon 
abruptly strengthened. Further, the strengthening of the link between developing-ENSO and Indian-northern China rainfall 
since 1620 AD concurred with a phase reversal of the Pacific Decadal Oscillation. During the decaying phase, however, the 
summer rainfall-ENSO relationship over the Yangtze River Valley-southern East China (YRV-SEC), the MC and central 
Asia, has gone through large multidecadal to centennial changes over the past five centuries. A remarkable reversal of sign 
in the AM-decaying ENSO relationship occurred roughly from 1740 to 1760 over the YRV-SEC and MC, which may be 
associated with the long-term strengthening of ENSO intensity. Future research should continue focusing on revealing the 
possible causes of the low-frequency changes in the monsoon-ENSO relationship using general circulation models and 
paleoclimate proxy reconstructions.

Keywords  Reconstructed Asian summer precipitation · Asian monsoon-ENSO relationship · Niño reconstruction · 
Multidecadal to centennial change · Nonstationarity.

1  Introduction

The Asian monsoon (AM) system has been extensively stud-
ied owing to its great significance and dynamic complexity 
(Wang 2006). On the interannual timescale, the seasonal 
evolution of ENSO is a major pace-maker of the AM varia-
bility (e.g., Rasmusson and Carpenter 1983; Ropelewski and 
Halpert 1987; Webster and Yang 1992; Wang et al. 2003, 

2015). During the El Niño developing phase, the Indian 
summer monsoon (ISM) tends to weaken (e.g., Walker and 
Bliss 1932; Shukla and Mooley 1987; Webster et al. 1998; 
Sikka 1980; Keshavamurty 1982; Mooley and Parthasar-
athy 1984) due to the suppressed convection over the Mari-
time Continent (MC) caused by the eastward shift of the 
Walker circulation (e.g., Palmer et al. 1992; Lau and Nath 
2000); meanwhile the northern East Asian summer mon-
soon (EASM) also tends to weaken in phase with the ISM 
(e.g., Yatagai and Yasunari 1995; Kripalani and Kulkarni 
2001; Enomoto et al. 2003). During the decaying phase of 
an El Niño event, the subtropical EASM and the Meiyu/Baiu 
frontal rainfall tend to enhance (e.g., Fu and Teng 1988; 
Huang and Wu 1989; Zhang et al. 1996; Lau and Sheu 1988; 
Chang et al. 2001) through the variation of the western 
North Pacific (WNP) subtropical high and its interaction 
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with underlying Indo-Pacific warm pool (Wang et al. 2000, 
2013). For a more detailed review of the East Asian mon-
soon, readers are referred to Wang and Li (2004). If one does 
not distinguish between the developing and decaying phase 
of El Niño (La Niña), the simultaneous correlation between 
summer rainfall in East Asia and the SST anomalies in the 
eastern equatorial Pacific would not be significant during 
instrumental period (Chen et al. 1992).

In a longer time frame, historical megadroughts and 
monsoon failures in Asia are found associated with strong 
El Niño events (Cook et al. 2010; Feng et al. 2013). The 
footprint of ENSO is also found embedded in drought recon-
structions over Asia (Li et al. 2014) and warm season pre-
cipitation reconstructions over China for the past 500 years 
(Shi et al. 2017). These studies indicate that ENSO played 
an important role in the past AM variability. However, the 
ENSO phase-dependent features of the Asian precipitation 
anomalies have not been fully addressed with proxy data. 
Although one of these studies (Li et al. 2014) distinguishes 
between the monsoon responses to ENSO developing and 
decaying phases, the results are limited to South Asia and 
MC sectors. No evident signal is found in the EASM, likely 
due to the limitation of the Monsoon Asia Drought Atlas 
(MADA, e.g., Yang et al. 2013, 2014) used in the study.

The AM-ENSO relationships are tantalizing due to the 
effects of local air-sea interaction, land surface anomalies, 
as well as impacts of one monsoon subsystem on another. 
For example, the atmosphere–ocean interaction generates 
the Indian Ocean Dipole (IOD) mode, which affects the 
ISM variability (Saji et al. 1999; Webster et al. 1999; Li 
et al. 2003; Wang et al. 2003; Ashok et al. 2004, 2001). 
The local cloud-radiation-SST feedback over the northern 
Indian Ocean also affects the ISM and tends to offset the 
ENSO impacts (Lau and Nath 2000). The Himalayan/Eura-
sian snow cover has been identified as an important remote 
forcing of the AM besides the ENSO (e.g., Blanford 1884; 
Hahn and Shukla 1976; Barnett et al. 1989; Yang 1996). 
Within the AM system, the anomalous ISM convection 
also impacts the northern EASM variability (Wu and Wang 
2002). Whether these impacts on the past AM-ENSO rela-
tionships have been recorded with paleoclimate proxies is 
unknown.

What’s more complicated is that the AM-ENSO relation-
ship is nonstationary. Since the late 1970s, the ISM-ENSO 
relationship has been observed to have weakened or broken 
down (e.g., Kumar et al. 1999), accompanied by a reversed 
relationship between the northern EASM and ENSO during 
the decaying El Niño phrases around the same time (Wu and 
Wang 2002). On the other hand, Wang et al. (2008) showed 
that the relationships between ENSO and the western 
North Pacific, East Asian, and Indonesian monsoons have 
all become enhanced during ENSO’s developing, mature, 
and decaying phases. Thus, the overall coupling between 

the Asian-Australian monsoon system and ENSO has been 
strengthened.

The non-stationarity of the Indian monsoon-ENSO rela-
tionship has been recognized as a specter for seasonal fore-
cast (Webster et al. 1998). The recent weakening of the ISM-
ENSO relationship has been associated to various factors 
such as anthropogenic warming (e.g., Kumar et al. 1999; 
Ashrit et al. 2001), interdecadal variations (e.g., Chang et al. 
2001; Feba et al. 2018; Krishnamurthy and Krishnamurthy 
2014; Wang et al. 2008) and random weakening due to inter-
ference by other interannual phenomenon (e.g., Ashok et al. 
2001; Ashok and Saji 2007). The answer is not yet clear. 
A potential better understanding of the cause(s) could be 
obtained with long records that cover more cycles of such 
interdecadal changes under different mean climate. However, 
how the monsoon-ENSO relationship underwent secular 
changes on the interdecadal-centennial timescale beyond 
instrumental period has rarely been discussed.

This study aims to use a new 544-year Reconstructed 
Asian summer Precipitation (RAP) dataset to investigate 
how the AM responds to ENSO evolution. One question we 
are trying to address is to what degree the proposed mecha-
nisms for the current AM-ENSO relationship remain appli-
cable to the past AM-ENSO relationship. We also attempt to 
detect how the AM-ENSO relationship has changed over the 
past five centuries and explore what caused these changes. 
Section 2 introduces the RAP dataset, and describes the 
observational data and other proxy records used, as well 
as methodology. Section 3 discusses the long-term leading 
modes of the AM interannual variability and their dynami-
cal ties with ENSO phases. Section 4 presents the secular 
changes of the AM-ENSO relationship in the past 544 years, 
followed by discussion (Sect. 5) and conclusions (Sect. 6).

2 � Data and methods

The RAP dataset is a gridded 544-year (from AD 1470 
to 2013) summer precipitation reconstruction generated 
by merging two complementary proxies including 453 
tree ring width chronologies and 71 historical documen-
tary records over the Asian land region (8.75°S–55.25°N, 
61.25°E–143.25°E) (Shi et al. 2018). The RAP dataset 
shows significantly improved data quality compared with 
single-type proxy reconstructions, and skillful reconstruc-
tion is found over East and North China, northern India 
and Pakistan, the Indochina Peninsula, mid-latitude Asia, 
the MC, and southern Japan. The RAP dataset has also 
been proved to well capture the large-scale year-to-year 
rainfall variability over monsoon Asia, arid central Asia, 
and entire Asia during the twentieth century. Specifically, 
the RAP captures the abrupt strengthening of ISM in the 
1600s recorded by other proxies (Anderson et al. 2002; 
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Sinha et al. 2011); to a larger extent, it shows relatively 
weak ISM during the Little Ice Age (fifteenth to nine-
teenth centuries, Bradley and Jonest 1993) in comparison 
with that during the industrial period as shown from other 
studies (Sinha et al. 2007; Tejavath et al. 2017).

To examine the long-term leading interannual vari-
ability modes of the Asian summer precipitation, we 
first applied detrend and an 8-year high-pass filter to the 
data. The rotated empirical orthogonal function (REOF) 
analysis is used because it tends to yield more regionally 
confined patterns and is thus more appropriate for the 
purpose of studying the regional monsoon-ENSO rela-
tionships. A correlation-based K-mean cluster analysis 
(Seber 1984; Spath 1985) was also conducted to illus-
trate the regionality of the RAP. Global sea surface tem-
perature (SST) from the Hadley Center Sea Ice and Sea 
Surface Temperature dataset (HadISST, Rayner 2003) 
within a period from 1870 to 2013 was used to examine 
the dynamic origins of the leading principal components 
(PCs).

To extend the monsoon-ENSO relationship back to 
the pre-instrumental period, we utilized ten conventional 
reconstructions of boreal winter ENSO indices for the 
past millennium, among which seven indices are devel-
oped from one or multiple types of proxies (e.g., tree 
rings, coral, ice core, and sediment) with global coverage 
(Stahle et al. 1998; Mann et al. 2000; McGregor et al. 
2010; Wilson et al. 2010; Li et al. 2011, 2013; Emile-
Geay et al. 2013) and three are derived solely from the 
tree rings in southwest North America (D’Arrigo et al. 
2005; Cook et al. 2008; Braganza et al. 2009).

To evaluate the quality of the reconstructed Niño indi-
ces, the observed Niño 3.4 index from the HadISST1 
dataset (Rayner 2003), and the Global Precipitation Cli-
matology Centre (GPCC) monthly precipitation dataset 
from 1901 to present (Schneider et al. 2015) were used. 
Pattern correlation coefficients (PCCs) and normalized 
root mean square errors (NRMSEs) between the observed 
and reconstructed rainfall-ENSO relationship were calcu-
lated so as to determine the “best estimates” of the past 
ENSO variability.

Selected Niño proxies were used to further demonstrate 
the long-term AM-ENSO relationship. Each AM subsys-
tem was represented by an area-weighted averaging index 
over the corresponding region. Rolling correlations with 
11- and 51-year windows between monsoon and Niño 
indices were examined and discussed both individually 
and collaboratively.

3 � Long‑term leading modes 
of the interannual variability of the RAP 
(1470–2013)

3.1 � Rotated EOF modes

The Asian summer monsoon rainfall variability has been 
studied primarily on regional scales, such as in India, East 
Asia, the WNP and the MC (e.g., Kumar et al. 1999; Ding 
and Chan 2005; Wang et al. 2000; Chang 2004). Lau and 
Wu (2001) studied the rainfall-SST co-variability for a 
short period of 1979–1998 using singular value decom-
position (SVD) analysis of the Asian summer monsoon 
rainfall and global SST anomaly (SSTA). They found that 
the first mode is a biennial mode and the second one is 
associated with La Niña development. Using REOF analy-
sis, here we adopt long records to identify the major modes 
of Asian precipitation variability.

The first REOF mode displays coherent changes over 
India and the Yellow River Basin (Fig. 1a). It explains 
12.2% of the total variance. Such a coherence of Indian 
and northern China variability has been observed with 
instrumental data (e.g., Yatagai and Yasunari 1995; 
Kripalani and Kulkarni 2001; Wu and Wang 2002) and 
speleothem records for past millennia on the annual, dec-
adal (Berkelhammer et al. 2010) and longer timescales 
(Kathayat et al. 2016). It should also be noted that the 
Indonesian precipitation is in phase with Indian and north-
ern China precipitation anomalies, which is a typical pat-
tern during the El Niño/La Niña developing stage. The 
second REOF mode has a strong loading over the Yangtze 
River Valley (YRV) where the major subtropical frontal 
zone is located, while the loadings of the opposite sign 
are over northwest India and Pakistan, and northeast Asia 
(Fig. 1b). It explains 11.0% of the total variance.

The two leading REOF modes are in a general agree-
ment with the results of the cluster analysis (Fig. 1c). Clus-
ter 1 in the blue color corresponds to the large loading 
areas in the first REOF mode, including north Asia, India, 
and the Yellow River Basin in northeastern China. Cluster 
2 in red corresponds to the large loading areas of the sec-
ond REOF mode, including western China, southern East 
China, and southern Japan. We define the area-weighted 
averages of precipitation anomalies in the blue and red 
regions as Cluster Index 1 (CI1) and Cluster Index 2 (CI2), 
respectively. CI1 and CI2 are significantly correlated with 
REOF1 and REOF2, respectively. The corresponding 
correlation coefficient is r = 0.76 (p < 0.01) and r = 0.82 
(p < 0.01), respectively (Fig. 1d, e).
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3.2 � Origin of the two leading modes

The linkages of the PCs with global SSTs are examined 
to understand their origins. The data covers the period of 
1870–2013 when global SSTs are available. As shown in 
Fig. 2, the increased precipitation shown in REOF1 cor-
responds to a developing La Niña in the Pacific (Fig. 2a–e). 
Significant negative SST anomalies first appear over the cold 
tongue region in the preceding spring (March–April–May, 
Fig. 2b). The negative SSTs become stronger during summer 
(Fig. 2c) and maintain through the following fall (Fig. 2d) 
and winter (Fig. 2e). The results indicate that the increased 
rainfall over northern Asia, India, and the Yellow River 
Basin in northern China is associated with the development 
and maintenance of a La Niña-like condition. The power 
spectrum of PC1 has a pronounced 5-year peak that passes 
the 95% significance level, indicating its association with 
the low-frequency component of ENSO (Fig. 3a), which 
is reflected by the relatively slow development of La Niña 
(Fig. 2a–e).

The SST anomalies associated with PC2 suggest that 
REOF2 may be more closely associated with the El Niño 

decaying phase or a transition from warm to cold ocean 
conditions (Fig. 2f–j). An El Niño condition exists in the 
preceding winter (Fig. 2f). The anomalous warming disap-
pears during the spring (Fig. 2g) and a La Niña-like SST 
pattern starts to develop from the summer to the following 
winter (Fig. 2h–j), suggesting a rapid transition from warm 
to cold ocean conditions, which is a feature of quasi-biennial 
fluctuation. Spectral analysis confirms that strongest signifi-
cant peaks of the PC2 range from 2.2 to 2.8 years (Fig. 3b), 
thus reflecting its association with the biennial component 
of ENSO (Fig. 2f–j).

The two major modes of variability identified here are 
consistent with the results of the EOF analysis of the Asian 
monsoon rainfall during the recent period of 1979–2010 
made by Wang et al. (2015), who identified four major 
modes of variability. The first mode is an El Niño-La Niña 
developing mode, and the second one is an ENSO decay-
ing mode, which is an Indo-western Pacific monsoon-
ocean coupled mode. The agreement in the resultant two 
leading modes between our REOF and cluster analyses of 
the RAP and the EOF analysis of Wang et al. (2015) lends 
confidence for the RAP analysis and suggests that the two 

a b
c

d

e

Fig. 1   The spatial patterns of the first two leading interannual REOFs (a, b) and the two clusters (c), as well as their corresponding temporal 
coefficients PC1/CI1 (d) and PC2/CI2 (e) derived from the RAP for the period from 1470 to 2013
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PC1 PC2 

a. DJF

b. MAM 

c. JJA

d. SON 

e. DJF(+1)

f. DJF

g. MAM 

h. JJA

i. SON 

j. DJF(+1)

Fig. 2   Spatial patterns of correlations with global SSTs for PC1 (a–e) and PC2 (f–j) from 1870 to 2013. Hatched areas are significant correla-
tions at the 90% level and higher (2-tailed)
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leading modes are robust in both recent decades and the last 
544 years. The order of the leading modes differs from those 
of Lau and Wu (2001), suggesting the increased importance 
of the slow (about 5 years) ENSO developing mode over a 
longer time period.

3.3 � Relationship between the leading patterns 
and Niño indices during 1870–2010

Before study of the ENSO relationship with the leading 
modes derived from the RAP for the entire 544-year period, 
we first assess their relations during the instrumental period 
from 1870 to 2010 when the Niño proxies are more reliable.

Table 1 shows that correlations between PC1 and Niño 
(0) are relatively high and largely significant at the 1% con-
fidence level, whereas correlations between PC2 and Niño 
(1) are insignificant. Here 0 denotes the ENSO developing 

year and 1 denotes the ENSO decaying year with respect 
to JJA rainfall, since ENSO tends to peak toward the end 
of the calendar year (0). The above result indicates that the 
relationship between the developing ENSO and summer 
(JJA) precipitation over the MC, India and northern China 
(REOF1) is robust. However, during the decaying phase of 
ENSO, the summer precipitation over the YRV (REOF2) 
is more variable and overall insignificant in response to 
the eastern Pacific SST anomalies.

The two types (global proxy- and North America (NA) 
tree ring-based) of indices show largely equal strength 
in their relations with the RAP, except that Braganza 
et al. (2009) and Li et al. (2011) show lower correlations 
(Table 1). Previous studies have shown a significant rela-
tionship between the tree ring width chronologies in NA 
and in Asia on the interdecadal and longer timescales 
(Fang et al. 2015; Li et al. 2013). One concern is that the 
correlations here between the RAP and the NA tree ring-
based Niño indices could be largely due to the trees. We 
cannot completely rule out this possibility since the RAP is 
partially derived from the tree ring width chronologies in 
Asia, but the fact that the global proxy-based indices show 
similar correlations indicates that such relation is likely a 
true signal between precipitation and ENSO reflected by 
indices from various proxy types. Among the global-proxy 
based reconstructions, Li et al. (2013) uses the first two 
PCs from the MADA (Cook et al. 2010), which share some 
tree ring chronologies with the RAP over central Asia and 
the MC (Li et al. 2014). We decided to retain Li et al. 
(2013) reconstruction, however, because (1) it shows good 
quality compared with observed DJF Niño index (r = 0.75, 
p < 0.01); and (2) it is largely independent with the RAP 
in regions other than central Asia and the MC. Besides, 
sensitivity testing shows that excluding Li et al. (2013) 
Niño index would not change the conclusions.

Fig. 3   Power spectra for PCs 
derived by using forward fast 
Fourier transformation, with 
10% of the data tapered, and the 
modified Daniell window with 
a span of 4. Blue lines are the 
Markov Red Noise spectra. Red 
and orange dash lines indi-
cate upper (lower) confidence 
bounds at 95 and 90% signifi-
cance levels, respectively

 4.9

2.6  5.6-6.3 

2.8
2.3

a b

Table 1   Correlation coefficients between REOF PC1 (PC2) and Niño 
0 (1) indices for the period of 1870 to 2010

Numbers in italics indicate insignificant correlations. 0 and 1 denote 
ENSO develop and decay cases, respectively

REOF PC1 PC2

Instrumental Rayner et al. (2003) − 0.42 (p < 0.01) 0.13
Global proxy Emile-Geay et al. (2013 − 0.32 (p < 0.01) 0.07

Li et al. (2013) − 0.38 (p < 0.01) 0.08
Braganza et al. (2009) − 0.09 0.02
Wilson et al. (2010) − 0.32 (p < 0.01) 0.09
McGregor et al. (2010) − 0.26 (p < 0.01) 0.10
Mann et al. (2000) − 0.26 (p < 0.01) 0.09
Stahle et al. (1998) − 0.27 (p < 0.01) 0.08

NA tree ring Li et al. (2011) − 0.19 (p < 0.05) 0.14
Cook et al. (2008) − 0.30 (p < 0.01) 0.12
D’Arrigo et al. (2005) − 0.31 (p < 0.01) 0.09
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Figures 4 and 5 show the spatial patterns of correlations 
between Niño indices and rainfall during the ENSO devel-
oping and decaying phases, respectively. During the ENSO 
developing phase (Fig. 4), the observed Niño-monsoon 
(May–Oct.) relationship largely resembles the pattern of 
RAP REOF1. Niño index reconstructed by Li et al. (2013) 
shows the highest PCC and lowest normalized RMSE, fol-
lowed by that of Cook et al. (2008) and Emile-Geay et al. 
(2013). During the decaying phase (Fig. 5), the PCCs are 
significantly lower. Niño index reconstructed by Cook et al. 
(2008) yields the best performance, followed by that of Li 
et al. (2013). Based on the above evaluations, we selected the 
top four, which are Niño reconstructions by Li et al. (2013), 
Emile-Geay et al. (2013), Cook et al. (2008) and D’Arrigo 
et al. (2005) to further analyze the long-term variability of 
the AM-ENSO relationship.

4 � Secular changes of the AM‑ENSO 
relationship in the past 544 years

In order to investigate the long-term relationship between 
the RAP and ENSO, we use the four proxy ENSO indices 
described in Sect. 2  and 3.

4.1 � ENSO developing phase

Figure 6 shows the RAP response to developing El Niño 
events for the present (1901–2010, Fig. 6b) and the past 
(1470–1900, Fig. 6a). The pattern for the pre-1900 period 
largely resembles the one after 1900, especially for the 
key monsoon subsystems. Reduced rainfall is found over 
India, northern China and the MC, whereas enhanced rain-
fall occurs over central Asia. Differences also exist. For 
example, the positive correlations over the western China 
(35–45°E, 85–100°E) were negative before 1900; the nega-
tive correlations over southern China and along the Yangtze 
River after 1900 were nearly normal before 1900.

Four regions of significant correlations are identified, 
including the MC (9°S–15°N; 100–143°E), India (11–30°N, 
61–87°E), northern China (35–55°N, 103–120°E), and 
northwestern China-central Asia (37–44°N, 65–85°E). Time 
evolutions of the summer precipitation-ENSO relationship 
over the four regions are shown in Fig. 7. The summer pre-
cipitation over the MC is significantly negatively correlated 
with the Niño indices except during the first half of the 
nineteenth century (Fig. 7a), and the average of the 51-year 
rolling correlation for all four indices is − 0.31. It’s also 
noteworthy that the relationship is largely stable over time 
on multidecadal to centennial timescales (lines in Fig. 7a). 

Fig. 4   Spatial patterns of correlations between Niño indices and the 
RAP during ENSO developing years from 1901 to 2010 in compari-
son with observed correlation map. Dotted areas are significant corre-

lations at the 90% level and higher (2-tailed). Numbers are PCCs and 
numbers in prentices are normalized RMSEs
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Slightly weakened correlations appear between 1740 and 
1840. The relationship becomes strong after around 1860 
to the end of the twentieth century. On the interdecadal 
timescale (shading in Fig. 7a), very few breaks of positive 
correlation occur around 1800, but they are not significant 
(Fig. 7a). Meanwhile negative correlations dominate (overall 

r = − 0.33), and significant negative correlations are more 
frequent.

The Indian rainfall-ENSO relationship (Fig. 7b) is over-
all negative (r = − 0.16). However, large fluctuations appear 
with periods of insignificant correlations and zero or 
slightly positive correlations on multidecadal to centennial 

Fig. 5   Same as Fig. 4, except for the relationship between Niño indices and the RAP during the ENSO decaying years

Fig. 6   Relationship between Asian summer precipitation and devel-
oping ENSO events. Spatial patterns of correlations between Niño 
index and the RAP in ENSO developing years for the periods of a 

1470–1900 and b 1901–2010. Maps are averaged from four Niño 
reconstructions. Dotted areas are significant correlations at the 90% 
level and higher (2-tailed)
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timescales (lines in Fig. 7b). On the interdecadal timescale 
(shading in Fig. 7b), decades of positive correlations are 
found around 1520, 1570, 1730, and 1850, albeit insignifi-
cant. A similar case is found with respect to the northern 
China rainfall-ENSO relationship (Fig. 7c). In fact, the cor-
relations between the Indian rainfall-ENSO and northern 
China rainfall-ENSO relationships are as high as 0.72 on the 
interdecadal timescale, and 0.79 on multidecadal to centen-
nial timescales, indicating coherent low-frequency changes 
over the two regions for the past 500 years. Periods with a 
strong ENSO tie are seen from around 1620 to 1700, and 
from around 1950 to 1990 for both India and northern China 

(Fig. 7b, c), which coincide with the periods of strength-
ened MC rainfall-ENSO correlations (Fig. 7a). It is notewor-
thy that the ENSO tie with the Indian and northern China 
rainfall seems to be strengthened since 1620, which nearly 
concurs with a well-documented abrupt strengthening of 
the Indian summer monsoon during the 1600s, as shown in 
upwelling proxy (Anderson et al. 2002), speleothem records 
(Sinha et al. 2011) and the RAP (Shi et al. 2018). For the 
period of 1620–2010, the correlation coefficient between 
Indian monsoon rainfall and ENSO is − 0.23 (p < 0.01) and 
that between the northern China rainfall and ENSO is − 0.19 
(p < 0.01).

Fig. 7   11-year (shadings) and 
51-year (lines) rolling correla-
tions between Niño indices and 
the rainfall indices in ENSO 
developing years. Shadings 
are averages of four Niño 
reconstructions. Gray Lines 
are individual Niño indices 
and black line is the average of 
them. Dotted lines are cutoff 
correlations at the 90% signifi-
cance level with n-2 degree of 
freedom (orange lines: DOF = 9, 
gray lines: DOF = 49)

a

b
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The central Asia rainfall-ENSO relationship is largely 
positive on both interdecadal (r = 0.21) and longer timescales 
(r = 0.20) (Fig. 7d). After 1620 AD, significant positive cor-
relations often occur during the periods of strong negative 
AM-ENSO correlations (Fig. 7a–c), suggesting likely oppo-
site phases between the AM-ENSO relationship and the arid 
central Asia-ENSO relationship.

4.2 � ENSO decaying phase

For the ENSO decaying phase, in a similar fashion, we 
show the rainfall-ENSO relationship before (Fig. 8a) and 
after 1900 (Fig. 8b). Apparent differences are found between 
the two. First, positive correlations are found over a large 
area of central Asia-northwestern China after 1900, but the 
relationship is more inhomogeneous before 1900. Second, 
significant negative correlations are found over India and 
northern China before 1900, but very few significant cor-
relations exist after 1900. Third, positive correlations are 
located over the southeastern China before 1900, while after 
1900 they are located over the YRV. Fourth, over the MC, 
the correlations are largely negative before 1900, while posi-
tive correlations prevail after 1900. These remarkable differ-
ences suggest that during ENSO decaying phases the Asian 
rainfall-ENSO relationship might be very variable over the 
past five centuries and what is seen today is not a robust 
long-term signal.

To find out the changing points of decaying ENSO-
AM rainfall relationship over the past 544 years, we take 
three regions of interest to examine the time evolution of 

the precipitation-ENSO relationship during the decay-
ing phase of ENSO, which are the Yangtze River Valley-
southeastern China (YRV-SEC, 23–33°N; 105–125°E), the 
MC (9°S–9°N; 95–143°E), and central Asia (35–50°N, 
65–100°E).

As shown in Fig. 9, the relationship is nonstationary 
for all three regions indicated by the three indices on 
both interdecadal timescale (shading) and multidecadal 
to centennial (lines) timescales. The YRV-SEC rainfall-
ENSO and MC rainfall-ENSO relationships seem to 
undergo similar low-frequency changes throughout the 
past 500 years (Fig. 9a, b). The correlation between the 
two rainfall-ENSO relationships is 0.51 (0.39) on the cen-
tennial (interdecadal) timescale. A noticeable centennial 
shift from negative to positive relationship is found dur-
ing 1740 to 1760 (lines in Fig. 9a, b). After 1760, the 
YRV-SEC-ENSO relation is overall positive (r = 0.15, 
p < 0.05). Another centennial shift is found in the middle-
late sixteenth century but less evident. These results sug-
gest that during the ENSO decaying phase the relationship 
between ENSO and Asian summer monsoon rainfall over 
the YRV-SEC and MC is highly variable on the centennial 
time scale. The Central Asia rainfall-ENSO relationship 
(Fig. 9c) is less coherent with those between ENSO and 
YRV-SEC and MC rainfall. After 1700, the correlation 
is largely positive (r = 0.20, p < 0.01); before 1700, the 
relation is more variable (r = − 0.02, insignificant). The 
mid-eighteenth century change in the YRV-SEC (MC) 
rainfall-ENSO relationship is evident. The cause of such 
a sudden change deserves further investigation, probably 
through numerical experiments.

Fig. 8   Relationship between Asian summer precipitation and decaying ENSO events. Same as Fig. 6, except for the summer precipitation in 
ENSO developing years
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5 � Discussion

5.1 � Mechanisms of the monsoon‑ENSO 
relationship: present and the past

Wang and Fan (1999) identified two major convective heat 
sources that drive the Asian summer monsoon system, thus 
distinguishing the ISM variability with the WNP-EASM 
variability. The former is impacted by the heat source cen-
tered in the Bay of Bengal-India-Arabian Sea region, and the 
latter is controlled by the convection center anchored in the 
South China Sea and the Philippine Sea. ENSO affects Asian 
summer monsoon through changing the two convective heat 
sources directly and indirectly (Wang et al. 2001).

During a La Niña developing stage, convection over the 
MC is enhanced under the direct response to the enhanced 
Walker circulation due to atmospheric equatorial wave 
adjustment. The enhanced precipitation heating then excites 
ascending Rossby waves to its west and north of the equator 
where the Bay of Bengal-India heat source locates, caus-
ing enhanced rainfall over India. Opposite anomalies occur 

during an El Niño episode. The coherent change of ISM and 
EASM in REOF1 reflects the impact of anomalous Indian 
convection on northeast EASM through a “Silk Road” zonal 
wave train pattern during boreal summer (Enomoto et al. 
2003). This Silk Road wave train pattern is a part of the cir-
cumglobal teleconnection (CGT) (Ding and Wang 2005). A 
schematic diagram illustrating these processes can be found 
in Wang et al. (2017, Fig. 9).

Ashok et al. (2004) show that when a positive IOD event 
simultaneously occurs with El Niño, the ENSO influence on 
ISM can be reduced by introducing an anomalous divergence 
center in the eastern tropical Indian Ocean. It is also shown 
that positive IOD events amplify the ENSO-induced dry-
ness over the MC. Nevertheless, the ENSO influence seems 
to remain largely dominant and robust. Mooley and Munot 
(1993) have shown that the ISM is consistently negatively 
correlated with a developing ENSO from 1871 to 1990.

REOF2 (Fig. 1a) represents strengthening of the subtropical 
EASM rain belt during a rapid decay of El Niño when the heat 
source over the Philippine Sea is suppressed due to enhanced 
WNP subtropical high (SH). The opposite is nearly true during 

Fig. 9   Same as Fig. 7 except for 
the correlations between Niño 
indices and the rainfall indices 
in ENSO decaying years

a

b

c
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the decay of strong La Niña events. During the decaying phase 
of a strong El Niño, the El Niño-induced WNP anticyclonic 
anomaly (WNPAC) can interact with underlying dipolar SST 
anomalies in the Indo-Pacific warm pool, thereby maintain-
ing the WNPAC and leading to a prolonged Niño impact on 
East Asia (Wang et al. 2000, 2013). A weak El Niño, during 
its rapid transition to La Niña, may also enhance the post-
El Niño summer rainfall over the Yangtze River Catchment, 
nevertheless through a different physical process: the WNPAC 
re-emerges as a forced response to the rapid cooling in the 
central-eastern Pacific (Wang et al. 2017).

Wang et al. (2017) have shown that over the past 60 years, 
the only robust seasonal signal for EASM is the wet (dry) 
anomalies over central North China during the La Niña (El 
Niño) developing summer. The response of rainfall variability 
over the middle and lower reach of the YRV during the ENSO 
decaying summer largely depends on the ENSO intensity 
(Wang et al. 2017). Besides, the migratory nature of the EA 
subtropical frontal zone and the associated rainfall variability 
on the subseasonal timescale also contributes to the relatively 
weak PC2-ENSO correlation (Table 1). The background mean 
state in tropical and North Pacific SSTs also plays a role in 
altering WNP convective anomaly (Wu and Wang 2002) and 
thus changing the EASM-ENSO relationship.

It seems that the afore-discussed mechanisms for the 
modern AM-ENSO relationship can, to a great extent, work 
for the past as well. During the ENSO developing phase, 
the ENSO induced chain reaction of precipitation anomalies 
over the MC and through India to northern China is shown 
by the overall coherent variations displayed in Fig. 7a–c. 
The ENSO-rainfall relations over the MC and India are less 
coherent and largely non-linear, maybe reflecting the afore-
mentioned IOD influences on the ISM. The in-phase and 
opposite-sign relationship over central arid Asia (Fig. 7d) 
can be explained by the monsoon-desert coupling mecha-
nism (Hoskins and Wang 2006), which attributes the drying 
to the interaction between the anomalous monsoon heating-
induced circulation anomalies and the mean westerly flow. 
It is quite remarkable that despite of the large uncertainties 
associated with proxy reconstructions, such a chain-reaction 
system is still discernable and sustains for almost five centu-
ries. During the ENSO decaying phase, the large interdec-
adal to centennial variations over the past 500 years (Fig. 9) 
echo the highly variable EASM-decaying ENSO relationship 
in the present. Such a relationship is proved to be rather 
fragile and nonstationary over time.

5.2 � Possible reasons for the multidecadal 
to centennial changes of the monsoon‑ENSO 
relationship

It is a great challenge to fully explain the causes of secu-
lar (interdecadal-centennial) changes in the RAP-ENSO 

relationship shown in Figs. 7 and 9, because (1) the fitted 
reconstruction data are insufficient and different proxies usu-
ally have large discrepancies, and (2) models have limited 
skills in simulating interdecadal-centennial variations. Here 
we further examine the Pacific Decadal Oscillation (PDO) 
and long-term changes in ENSO intensity as an effort to 
detect possible factors that may contribute to low-frequency 
variations of the monsoon-ENSO relationship. The exter-
nal effective radiative forcing is not examined because it is 
not independent from the ENSO intensity on this timescale 
(r = 0.62, p < 0.01).

Figure 10a shows normalized PDO induces derived from 
five groups and their ensemble mean. Note the considerable 
spread among the five proxy PDO indices. Nevertheless, 
similar evolutions between the PDO and the ISM-devel-
oping ENSO relationship (Fig. 7b) as well as the EASM-
developing ENSO relationship (Fig. 7c) are notable. The 
correlation between the ISM-ENSO (EASM-ENSO) rela-
tion and 51-year smoothed PDO ensemble is 0.64 (0.77, 
p < 0.01). In particular, the strengthening ISM-ENSO rela-
tion at 1620 coincides a phase reversal of the PDO. The 
weakened EASM-ENSO relation from 1900 to 1940 is also 
accompanied by a period of positive PDO.

The ENSO intensity (Fig. 10b) seems to be linked to 
the MC rainfall-developing ENSO relation (Fig. 7a). After 
around 1860, strengthened ENSO corresponds to strength-
ened monsoon-ENSO tie over the MC (Fig. 7a). The cor-
relation between MC rainfall-ENSO relation and the ENSO 
intensity is − 0.43 (p < 0.05) on the multidecadal to centen-
nial scale. For the AM rainfall-decaying ENSO relationship 

a

b

Fig. 10   11-year (shadings) and 51-year smoothed normalized PDO 
indices (a) and ENSO amplitude variability (b). Black lines are 
ensemble means. Five PDO indices include D’Arrigo et  al. (2001, 
1700 and 1790 reconstructions), MacDonald and Case (2005), Shen 
et  al. (2006), and Biondi et  al. (2001). Six Niño indices include 
D’Arrigo et  al. (2005), Cook et  al. (2008), Braganza et  al. (2009), 
Li et al. (2011, 2013), Emile-Geay et al. (2013). Gray bars mark the 
characteristic periods of 1740–1760, and 1900–1940; yellow lines 
mark the characteristic years 1620 and 1860
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(Fig. 9), it seems that its centennial change may be more 
related to the centennial variations of the ENSO intensity 
(Fig. 10b). The correlations of 51-year smoothed ENSO 
intensity are 0.25 (p < 0.20) with the YRV-SEC rainfall-
ENSO relation, 0.40 (p < 0.10) with both those of the MC 
rainfall and Central Asian rainfall. The largely strength-
ened ENSO amplitude since 1720 (Fig. 10b) could cause 
the dramatic sign-changes in monsoon-ENSO relationship 
around 1740 and 1760 over the MC (Fig. 9b) and YRV-SEC 
(Fig. 9a) regions.

Due to the limited quality of the proxy data, the causes of 
the secular change of the AM-ENSO relationship discussed 
above remain to be confirmed. The causality between PDO 
and ENSO-AM relationship remains elusive. It is likely that 
the centennial variations of the ENSO intensity are more 
important in modulating the monsoon-ENSO relations dur-
ing the decaying phase of an El Niño.

6 � Conclusion

The RAP is proved to have recorded the phase-dependent 
influences of the ENSO on Asian summer precipitation since 
1470. Two major modes of interannual variability are iden-
tified. The first mode features coherent variations over the 
MC, India and northern China, and this “chain reaction” is 
associated with the developing phase of the low-frequency 
(5-year) component of ENSO. The second mode shows vari-
ation centers over the YRV, which is associated with the 
decaying phase of ENSO and/or the rapid transition of the 
biennial component of ENSO. Mechanisms for the modern 
monsoon-ENSO relationship can be extended back in time, 
and still provide reasonable explanations for the past mon-
soon behavior before the instrumental period.

During the ENSO developing phase, the AM-ENSO rela-
tionship is relatively stable albeit periods of breaks occasion-
ally take place on the interdecadal timescale. The MC-India-
northern China chain-reaction in response to ENSO tends 
to be largely steady since around 1620. Meanwhile, the MC 
rainfall-ENSO relation is more robust than the ISM-ENSO 
relation, likely due to the counter-impact of the IOD on the 
ISM. Of interest is that the ENSO tie with the Indian and 
northern China rainfall tends to be strengthened in the early 
1600s, concurring with the abrupt strengthening of the 
Indian summer monsoon.

During the ENSO decaying phase, the rainfall-ENSO 
relationship has gone through large interdecadal to centen-
nial changes over the YRV-SEC, the MC and the central 
Asia for the past five centuries. An evident sign reversal 
in the rainfall-ENSO relationship over the YRV-SEC and 
the MC occurred from 1740 to 1760, which is suggested by 
various Niño proxies and their ensemble.

It remains a great challenge to understand the causes of 
the secular (interdecadal-centennial) changes in the Asian 
summer monsoon (ASM)-ENSO relationship. Neverthe-
less, evidence has presented to show that Pacific Decadal 
Oscillation is linked to multidecadal to centennial change of 
ASM-ENSO relationship (Fig. 10a), especially for the ISM 
and EASM during the ENSO developing phase (Fig. 7b, c). 
The strengthening ISM-ENSO relation at 1620 coincides 
with a phase reversal of PDO (Fig. 10a); the weak EASM-
ENSO relation from 1900 to 1940 also concurs with a posi-
tive phase of PDO (Fig. 10a). During the ENSO decaying 
phase (Fig. 9), on the other hand, the centennial reversal of 
sign of the YRV-SEC (MC) rainfall-ENSO relation from 
1740 to 1760 seems to follow an overall strengthening of 
ENSO intensity since 1720 (Fig. 10b).

The present results are made based on the ensembles of 
various proxy reconstructions with considerable spreads. 
While it does not clarify the reasons for the secular change 
of the complicated AM-ENSO relationship, it is a compre-
hensive documentation of the interdecadal through centen-
nial changes of the ENSO association with various Asian 
monsoon components. While one should not overlook the 
effects of external forcing such as solar-volcanic and green-
house gases, fluctuations of the ASM-ENSO relationship on 
the multidecadal to centennial scale are likely dominated by 
internal processes within the coupled climate system. How-
ever, concrete conclusions can only be drawn after further 
testing with plausible numerical simulations. Future research 
should continue focusing on discovering possible causes of 
the low-frequency changes in the monsoon-ENSO relation-
ship using general circulation models and paleoclimate 
proxy reconstructions.
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