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Oscillation (AMO) after the late 19th century. The centen-
nial component of the SASM, which accounts for 19.4% of 
the total variance, begins to weaken from the mid-13th cen-
tury and reaches a minimum in the mid-15th century. The 
component gradually strengthens again to reach its peak in 
the early 17th century, followed by a decline trend toward 
recent. The centennial variations agree well with histori-
cal changes in solar activity before the nineteenth century 
that caused changes in land–sea thermal contrast. However, 
the close linkage between the SASM and solar activity has 
weakened since the Industrial era, probably because of the 
enhanced influence of anthropogenic aerosol emissions.

Keywords South Asian summer monsoon · Tree rings · 
Optimal information extraction method · Ensemble 
empirical mode decomposition · Interannual to centennial 
variability

1 Introduction

The South Asian summer monsoon (SASM), also known 
as the Indian summer monsoon (ISM), is the most signifi-
cant regional monsoon system and plays an important role 
in food production and quality of life for hundreds of mil-
lions of people (Turner and Annamalai 2012). The ampli-
tude, phase, and frequency of the SASM can be translated 
as superimposed and interleaved climate variations that 
playout over different timescales (Hao et al. 2016; Mohtadi 
et  al. 2016). Thus, it is crucial to quantify the timescale-
dependent variability of the SASM over the past millen-
nium, as this will help to constrain projections of future 
SASM scenarios.

There has been much research into the characteristics 
and mechanisms associated with SASM variability over the 
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last 100 years, with many encouraging results (e.g., Wang 
et al. 2001; Li and Zeng 2002; Guo et al. 2015; Dixit and 
Tandon 2016). The SASM index (SASMI) derived from 
reanalysis wind fields (Li and Zeng 2002) both show a sig-
nificant weakening trend over recent decades. The other 
instrumental gridded precipitation datasets also display the 
reduction in precipitation is significant over large parts of 
South Asia (e.g., Roxy et al. 2015). However, an underlying 
reason driving this trend has remained debatable, whether 
it responds to the external forcing or internal climate vari-
ability, the anthropogenic or natural forcing.

Regarding to the external forcing, the increasing carbon 
dioxide concentration has no good reason to get directly 
involved, since the process-based climate simulations 
forced only by carbon dioxide suggest an enhanced SASM 
in response to an increase in carbon dioxide (Meehl and 
Washington 1993). In contrast, aerosol sensitivity experi-
ments show that increasing emissions of aerosol generated 
by human activity would lead to a weakening of the SASM 
(Bollasina et  al. 2011); however, some scholars believe 
that solar activity, and not aerosol emissions, have played 
a dominant role in SASM evolution over the past century 
(Hiremath et al. 2015).

Apart from these forcing factors, the internal climate 
variability also has a significant impact on the SASM. e.g., 
El Niño–Southern Oscillation (ENSO) (Mishra et al. 2012; 
Chen et  al. 2015), although its impact was significantly 
reduced in the late 1970s (Kumar et  al. 2006). The diffi-
culty encountered in revealing the mechanisms associated 
with the SASM over different timescales is related to the 
short timespan covered by the instrumental data record; i.e., 
it covers only a fraction of the period affected by enhanced 
human activity. It is crucial to extend the SASM records 
back to the period before the Industrial era, when natural 
forcings played a more important role because the carbon 
dioxide and aerosol levels generated by human activity 
were low. In addition, a long-term SASM reconstruction 
would allow us to detect climate regimes over longer time-
scales, such as centennial.

In recent years, along with the development of new 
proxy records and improved reconstruction methods, pale-
oclimatologists have used various proxy data to reconstruct 
the history of the SASM over the past millennium. For 
example, the historical documents recorded major famines 
(Loveday 1914), most of which corresponded with weak 
monsoon periods (Shi et  al. 2014). Ice core records have 
revealed a negative correlation (r = −0.35; n = 124) between 
the dust concentration of the Dasuopu ice core and average 
summer precipitation in southern and western Himalayas 
(Thompson et al. 2000), and a positive correlation (r = 0.56; 
n = 140) between snow accumulation in Tibetan Plateau and 
precipitation in northeast India (Duan et al. 2004). Oxygen 
isotope data retrieved from Indian stalagmite records has 

also been used to characterize SASM variability (Sinha 
et  al. 2011, 2015). However, these reconstructions were 
limited to specific regions of SASM and reflect a fraction 
of SASM variability. This highlights the necessity for an 
improved SASM reconstruction using a proxy network that 
covers both a large area and the full spectrum of variability 
from interannual to centennial timescales. This will require 
special attention to be paid to continuous and accurately 
dated proxies of an annual resolution that contain climate 
signals covering interannual to longer timescales.

Tree rings have been widely used to depict regional cli-
mate variability over past millennia, including the SASM 
regions because of their wide distribution, ease of duplica-
tion, accurate dating, and high climate sensitivity (Fritts 
1976). For example, high climate sensitivity (r = 0.65; 
n = 46) between the tree-ring width chronology and the 
instrumental precipitation record in the Lahaul–Spiti 
region of the western Himalayas, which is part of the core 
SASM region (Yadav 2011). In addition, dendroclimatolo-
gists have used tree-ring width chronologies (Buckley et al. 
2007, 2010) and tree-ring oxygen isotope series (Sano et al. 
2012; Xu et  al. 2013) from southeast Asia to reconstruct 
the Palmer Drought Severity Index (PDSI), which is partly 
related to SASM variability. This indicates the potential to 
integrate Asian tree-ring width and oxygen isotope chro-
nologies to reconstruct SASM variability at an annual reso-
lution over the past millennium.

Shi et  al. (2014) proposed the optimal information 
extraction (OIE) method to reconstruct the SASMI over 
the past millennium using 15 SASM sensitive tree-ring 
chronologies. The previous SASMI reconstruction passed 
the out-of-sample test using the all-India monsoon rainfall 
index (Parthasarathy et al. 1994). Unfortunately, however, 
there were no records from the core monsoon region in that 
reconstruction. In addition, the variability and mechanism 
of SASM across different timescales remain not clearly 
identified. In this paper, we update the SASMI reconstruc-
tion of Shi et  al. (2014) using eight additional tree-ring 
width chronologies from the core SASM region (obtained 
from Dr. H. P. Borgaonkar), which are used to quantify 
monsoon variability from interannual to centennial time-
scale as well as their possible driving mechanism.

2  Data and methods

The eight additional tree-ring width chronologies apart 
from the 15 tree-ring records used by Shi et  al. (2014), 
comprise three from southern India, one from western 
India, one from eastern India, and three from northern India 
(Table s1; Fig. s1). These records are more evenly distrib-
uted and cover a wider range than those of Shi et al. (2014).
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Our reconstruction target is the instrumental SASMI 
over the period AD 1948–2000, which is defined as an 
area-averaged seasonally (June–July–August–September; 
JJAS) dynamical normalized seasonality at 850 hPa within 
the South Asian domain (5–22.5°N, 35–97.5°E; Li and 
Zeng 2002; Li et al. 2010). This index efficiently represents 
SASM variability and can be downloaded from http://ljp.
gcess.cn/dct/page/ 65,576.

We utilized all of the available reconstructed ENSO, 
Pacific Decadal Oscillation (PDO), and Atlantic Multi-
decadal Oscillation (AMO) indices (Table  1) to explore 
the possible driving mechanisms of SASM variability. 
These indices were obtained from the National Oceanic 
and Atmospheric Administration (NOAA) website (https://
www.ncdc.noaa.gov/data-access/paleoclimatology-data/
datasets/climate-reconstruction). As shown in Table  1, 
there are six ENSO reconstructions (Wilson et  al. 2010) 
and one PDO reconstruction (Shen et  al. 2006) based on 
proxies other than tree-ring data. Moreover, the tree-ring 
chronologies used in this study were archived in published 
databases after the end of AD 2013 and were independ-
ent from the proxies used in the ENSO, the PDO, and the 
AMO reconstructions cited in this research. This ensures 
that comparisons between our reconstructions and the 
reconstructed internal climate variability are based on inde-
pendent data.

There are 17 ENSO indices that cover the past millen-
nium on the NOAA website. The ‘BR09R5’ and ‘BR09R8’ 
ENSO indices are based on two multi-proxy record net-
works (Braganza et al. 2009). The ‘DA05N3’ Niño3 index 
reconstruction was based on 175 tree-ring width chro-
nologies (D’Arrigo et  al. 2005). The reconstructions of 
the Niño1 + 2 (CO08N12), Niño3 (CO08N3), Niño3.4 
(CO08N34), and Niño4 (CO08N4) indices were based on 
tree-ring chronologies from Mexico and Texas (Cook et al. 
2008). The ‘LI11EN’ ENSO index was derived from the 
first principal component of the 835 tree-ring chronologies 
obtained from the North America Drought Atlas (NADA; 
Li et  al. 2011). The ‘LI13N34’, the prior winter Niño3.4 
index, was derived from 2222 tree-ring chronologies from 
Asia, New Zealand, and North and South America (Li et al. 
2013a). The ‘MC10N3’ ENSO index combined ten com-
monly used ENSO proxies (McGregor et  al. 2010). The 
‘ST98SOI’ Southern Oscillation index reconstruction was 
composited from 14 tree-ring chronologies (Stahle et  al. 
1998). The center of action (COA) Niño3.4 reconstructions 
and the teleconnection (TEL) Niño3.4 reconstructions were 
developed using three methods: composite plus regression, 
principal component regression, and regularized expecta-
tion maximization (Wilson et al. 2010).

There are six PDO indices that cover the past millen-
nium on the NOAA website. The ‘BI01’ PDO index was 
derived from six tree-ring width chronologies (Biondi et al. 

2001). The ‘DA01P11’ PDO index was reconstructed from 
nine tree-ring width chronologies and two gridded PDSI 
reconstructions, and the ‘DA01P8’ PDO index is based on 
eight of the 11 predictors that extend to AD 1700 (D’Arrigo 
et al. 2001). The ‘DA06’ PDO index is based on 17 tree-
ring width chronologies from Asia (D’Arrigo and Wilson 
2006). The ‘MC005’ PDO index is based on two tree-ring 
chronologies from California and Alberta (MacDonald and 
Case 2005). The ‘SH06’ PDO index was reconstructed 
using 28 drought and flood indices, which were derived 
from Chinese historical documents (Shen et al. 2006). The 
‘GR04’ AMO index was reconstructed from the first five 
principal components of 12 tree-ring width chronologies 
(Gray et al. 2004).

The Niño 3.4 index is highly correlated with other 
ENSO indices and accurately represents ENSO variability, 
and is thus the most commonly used ENSO index. Here, 
we used the Niño 3.4 index that is calculated from the Had-
ISST1 sea surface temperature (SST) field from 5°S–5°N 
and 170–120°W (Rayner et  al. 2003; available at http://
www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/Nino34/) 
to assess the reconstructed ENSO indices. Table  1 shows 
that the range of correlation coefficients between the recon-
structed and instrumental ENSO indices is [0.53, 0.82], and 
all coefficients are significant at the 99% confidence level 
(Student’s t-test). The ‘MC10N3’ index, which is compos-
ited from ten commonly used reconstructions (McGregor 
et  al. 2010), shows the strongest relationship with the 
instrumental data. In contrast, the ‘LI11EN’ index shows 
the weakest relationship to the instrumental data, and this 
is because the dominant mode of the updated NADA is 
not caused solely by the ENSO events (Cook et al. 2007). 
We also used the root mean square error (RMSE) to quan-
tify the errors and test the reliability of the reconstructed 
ENSO. Not surprisingly, the ‘MC10N3’ index generated 
the smallest errors when compared with the instrumental 
data, and the ‘ST98SOI’ index had the largest errors of the 
group because it is a composited proxy record and is not 
scaled by the instrumental data.

The PDO is defined by the leading empirical orthogo-
nal function (EOF) of SST anomalies in the North Pacific 
Ocean, poleward of 20°N. The annual average PDO index 
(Mantua et  al. 1997) is available for download from 
(http://www.esrl.noaa.gov/ psd/gcos_wgsp/Timeseries/
PDO/) and was used to assess the PDO reconstruction. 
The range of the correlation coefficients between the 
reconstructed and instrumental PDO is [0.36, 0.75], and 
all correlation relationships are also significant at the 
99% confidence level (Student’s t-test) (Table  1). The 
correlation coefficient with the instrumental PDO is the 
lowest for ‘MC05’ (MacDonald and Case 2005), which 
may be because the two local tree-ring chronologies 
were affected by local climate variability and so do not 
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accurately represent the large-scale North Pacific SST 
variability. For the same reason, the RMSE of the MC05 
index is greater than that of the others. The PDO index 
reconstructed from the historical documents has the 
strongest correlation with the instrumental PDO. This is 
because the Yearly Charts of Dryness/Wetness in China 
for the Last 500-year Period published by the Chinese 
Academy of Meteorological Science (1981) accurately 
records drought variability in East China, and the ongo-
ing influence of the PDO on precipitation in eastern 
China has been demonstrated during the instrumental 
period (Qian and Zhou 2014).

The instrumental AMO index is calculated from the 
Kaplan SST for the Atlantic north of 0° (Enfield et  al. 
2001) and can be downloaded from http://www.esrl.noaa.
gov/psd/gcos_wgsp/Timeseries/AMO/. Only one AMO 
reconstruction index (Gray et al. 2004) is contained within 
the published database. The correlation coefficient and the 
RMSE between the instrumental and reconstructed AMO 
indices are 0.59 and 0.85, respectively (Table 1). This indi-
cates that the AMO reconstruction index is significantly 
related to the instrumental AMO index and can be used 
to test the relationship between the SASMI and the AMO 
before the instrumental period. Note that the instrumen-
tal data are often derived from meteorological stations in 
low-lying areas, but that the tree-ring data are commonly 
obtained from sites in the high mountains, which may lead 
to biases in the reconstructions.

In this study, we used the OIE method version 1.0 to 
reconstruct the SASMI. Firstly, we screened the tree-ring 
chronologies in Asia to identify those with a significant 
correlation with the instrumental SASMI. Secondly, the 
selected tree-ring chronologies were weighted and com-
bined before calibration. In this step, two weightings were 
considered: (1) the correlation between the proxy record 
and the objective climate factor to account for the degree 
of response of each proxy record to the climate factor; and 
(2) the correlation between the local instrumental climate 
factor from the proxy record location and the objective cli-
mate factor to further consider the regional representative-
ness of the local climate at the location of the proxy record. 
Finally, we used linear regression to reconstruct the SASMI 
from the composite records.

In addition, we used the ensemble LOC regression 
method (Shi et al. 2012), a powerful tool with the ability 
to retain the low-frequency climate signals present in proxy 
data. This development of the OIE method is known as 
OIE1.1 (Shi et al. 2015). Then, the OIE method was used to 
reconstruct the climate field within the framework of point-
by-point regression; i.e., OIE1.2 (Yang et al. 2016). Here, 
we used the OIE1.0 method to facilitate comparisons with 
previous results that were generated using the same method 
(Shi et al. 2014).

The calibration period was set to AD 1948–1978 and 
the validation period was AD 1979–2000. The explained 
variance (r2), reduction of error (RE), and coefficient of 
efficiency (CE) were used to test the reliability of the 
resulting reconstructions (Cook et  al. 2010), and the 
standard deviation was used to characterize the uncer-
tainty (Mann et al. 2008).

The ensemble empirical mode decomposition (EEMD) 
method (Huang et  al. 1998; Wu and Huang 2009) was 
used to decompose the reconstructed SASMI with several 
Intrinsic mode functions (IMFs). Referring to previous 
studies (Mann et al. 1995), the interannual timescale was 
defined as less than 8 years, because the ENSO signal, as 
the strongest interannual signal, has a period of roughly 
3–7  years. The interdecadal timescale was defined as 
≥8 years and <35 years. The multidecadal timescale was 
≥35 years and <100 years, and the centennial scale was 
set to >100 years.

3  Results

As shown in Fig.  1, we present a robust SASMI recon-
struction (r2 = 0.52, RE = 0.56, and CE = 0.22) spanning 
1105  years. The most distinct and persistent drought 
occurred during the 15th century, and there was also a 
persistent drought during the 11th century (Fig.  1). An 
increasing trend is evident between the mid-eleventh and 
thirteenth centuries, a weakening trend from the 13th to 
the 15th century, an increasing trend in SASMI after the 
15th century, and a sustained weakening trend from the 
mid-17th century onwards (Fig. 1). The reconstruction is 
generally consistent with the results of Shi et al. (2014) 

Fig. 1  Reconstructed SASMI over the past 1105 years (red line) and 
the corresponding 40-year filtered series (blue line). Gray lines indi-
cate the uncertainties, and gray shading indicates the sample number
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over multidecadal timescales (Fig. s2), although the mon-
soon-weakening trend since the mid-17th century is more 
obvious than in the previous reconstruction, and the cor-
relation coefficient (r = 0.72) between the reconstructed 
and instrumental SASMI in this study is higher than that 
of Shi et al. (2014) (r = 0.70).

Our SASMI reconstruction is consistent with the speleo-
them oxygen isotope record for central India (Sinha et al. 
2011), but has no significant relationship with the spe-
leothem oxygen isotope record from northern India (Sinha 
et al. 2015; Fig. 2a). Moreover, the SASMI reconstruction 
is significantly related to the all-India monsoon rainfall 
index at the interannual timescale (Fig.  2b). These agree-
ments with other proxy data and independent instrumental 
data provide additional evidence to support the robustness 
of our reconstruction.

The components of the reconstructed SASMI over the 
past millennium are shown in Fig. 3. We calculated the pro-
portion of the total variance for each component and the 
results show that the interannual component accounted for 
47.9%, the interdecadal component 17.5%, the multidec-
adal component 4.2%, the centennial component 19.4%, 
and the long-term trend 11.0%.

ENSO events typically occur every 3–7 years (Rasmus-
son and Carpenter 1983); thus, in Fig.  4 we compare the 
ENSO index with the interannual component of SASMI 
and calculate the running correlation relationship. The 
PDO is primarily active at decadal timescale (Zhang et al. 

Fig. 2  Comparison of the reconstructed SASMI (black line) with 
speleothem oxygen isotope records from central India (CI; Sinha 
et al. 2011; red line) and northern India (NI; Sinha et al. 2015; blue 
line). a The three sequences smoothed using a 40-year loess fil-
ter. b The Indian monsoon rainfall index compared with the three 
sequences

Fig. 3  IMFs of the SASMI over the past 1105  years based on the 
EEMD

Fig. 4  The 101-year running correlation between the interannual 
component of the reconstructed SASMI and the 17 ENSO indices
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1997); thus, in Fig.  5 we compare the PDO index with 
the interdecadal component of SASMI. The AMO has 
been identified as a coherent mode of natural variability 
that occurs in the North Atlantic Ocean with an estimated 
period of 60–80 years (Enfield et al. 2001); therefore, we 
compare the AMO index with the multidecadal compo-
nent of SASMI in Fig. 6. Since at centennial scale the solar 
activity plays a crucial influence on climate (Stuiver and 
Braziunas 1993), we compared the solar activity index with 
the centennial component of SASMI in Fig. 7.

Although there are other factors modulating SASM vari-
ability, including the Indian Ocean dipole (IOD; Ashok 
et  al. 2001), aerosols (Bollasina et  al. 2011), land cover 
(Kumar et  al. 1999), and CO2 forcing (Meehl and Wash-
ington 1993). However, these factors have not been recon-
structed over the past millennium at an annual resolution, 
limiting our ability to accurately compare with the SASM 

reconstruction at the current stage. Thus, our survey was 
restricted to comparing the different components of the 
SASMI with the periodicities of the ENSO, the PDO, the 
AMO, and the solar radiation.

The amplitude of the interdecadal component during the 
Little Ice Age (LIA) was larger than that in the other peri-
ods, whereas the multidecadal variability during the LIA 
weakened. A possible reason for the amplitude changes 
during the LIA is that there were large fluctuations at the 
centennial timescale related to a response to slowly evolv-
ing changes in the external boundary conditions (Sinha 
et al. 2011), and this affected climate variability over other 
timescales because these timescale-dependent variations 
are interlinked. However, the low-amplitude multidecadal 
component that occurred during the LIA is a special case. 
This might have been caused by contradicting influences 
among the different processes over multidecadal time-
scales; e.g., the AMO positive effect and the multidecadal 
PDO negative effect.

The interannual component is the dominant mode of the 
reconstructed SASMI. The moving correlations between 
the interannual component of the SASMI and the 17 recon-
structed ENSO indices are shown in Fig.  4. The correla-
tion curves are consistent, and all show a generally laps-
ing trend over the past 7 centuries and a distinct centennial 
variability. The correlations vary from a weak positive cor-
relation in the late 14th century to a significant negative 
correlation peak in the 17th century, the correlation then 
weakens before peaking again in the mid-18th century, and 
then a negative correlation gradually strengthens to a nega-
tive correlation peak in the 19th century, after which the 
significant correlation between the SASM and the ENSO 
tends towards stability. This indicates that the time-varying 

Fig. 5  The 101-year running correlation between the decadal compo-
nent of the reconstructed SASMI and the six PDO indices

Fig. 6  Comparison of the multidecadal component of the recon-
structed SASMI with the AMO index

Fig. 7  Comparison of the centennial components of the recon-
structed SASMI (black line) with the five solar activity indices; i.e., 
SBF (Steinhilber et al. 2009; blue line), SAB (Steinhilber et al. 2012; 
blue–green line), DB (Delaygue and Bard 2011; red line), WLS 
(Wang et al. 2005; green line), and MEA (Muscheler et al. 2007; grey 
line)
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relationship between the SASM and the ENSO observed in 
the instrumental period (Kumar et al. 2006) was apparent 
during the historical period.

The moving correlations between the interdecadal com-
ponent of the SASMI and the six PDO reconstructions 
are shown in Fig.  5. There is a clear negative correlation 
with all PDO reconstructions after the late 19th century. 
However, the correlations with the PDO reconstructions 
before the instrumental period show considerable differ-
ences, partly caused by the mismatches among these PDO 
reconstructions.

Figure  6 compares the multidecadal component of the 
reconstructed SASMI over the past 1105  years with the 
reconstructed AMO index. There is a well-defined posi-
tive relationship between the multidecadal component of 
the SASMI and the AMO after the late nineteenth century, 
and from the late 17th century to the early 18th century, but 
this is not the case for the rest of the study period. As there 
is only one AMO reconstruction on the NOAA website, 
it may be unwise to draw a solid conclusion regarding the 
relationship between the SASM and the AMO.

Figure 7 compares the SASMI and the five solar activ-
ity sequences (Wang et  al. 2005; Muscheler et  al. 2007; 
Steinhilber et al. 2009, 2012; Delaygue and Bard 2011) for 
the period AD 896–2000. This suggests that the centennial 
component of SASMI is consistent with these solar activ-
ity sequences over most of this period. In fact, the SASMI 
is significantly related to solar activity (Steinhilber et  al. 
2009) at the annual timescale, with a correlation coefficient 
of 0.16 (n = 1105) at the 95% significance level (Fig. s4). 
These results quantitatively verify the potential influence 
of solar activity on SASM centennial variability over the 
past millennium. However, although the four solar activ-
ity sequences show an enhanced solar radiation trend, the 
monsoon in this period continued to lose strength from the 
late 19th century onwards.

4  Discussion

The relationship between the monsoon and external forc-
ing remains a contentious issue in paleoclimatic research. 
A good match was revealed between solar forcing and 
the SASM using a sediment core from the eastern Ara-
bian Sea, but with a dating uncertainty of 50−80  years 
(Agnihotri et al. 2002), and this has been verified using 
a previous SASM reconstruction (Shi et al. 2014). How-
ever, the trend of an increasing SASM over the past 4 
centuries recorded in the sediment core from the Arabian 
Sea (Anderson et al. 2002) is not supported in the present 
study. Our results show that the variability of the cen-
tennial component of SASMI before the 19th century is 
consistent with the changes in solar activity. This further 

supports the relationship between the SASM and solar 
activity at the centennial timescale.

The mechanism that accounts for these relationships is 
that enhanced solar radiation variability can increase the 
thermal contrast between land and sea (Hiremath et  al. 
2015), and cause lead the northward displacement of 
the intertropical convergence zone (ITCZ; Tierney et al. 
2010), both of which cause the monsoon to strengthen. 
Moreover, Yan et al. (2015) proposed that the cold LIA 
may have caused a contraction of the ITCZ, which would 
have led to a southerly displacement of the northern 
branch of the ITCZ and thus a weakening of the SASM. 
Solar radiation in four of the five solar activity sequences 
shows an increasing trend through the late 19th century, 
but the monsoon continued to weaken (Fig. 7). The mis-
matches between solar activity and the SASM may be 
related to the enhanced anthropogenic forcing in the 19th 
century, such as the increase in anthropogenic aerosol 
emissions (Bollasina et al. 2011; Guo et al. 2015).

In addition, superposed epoch analysis (SEA) between 
SASMI and 43 significant eruption events shows that vol-
canic activity as another important external forcing plays 
an important role in the SASM over interannual time-
scales (Fig. 8), and some studies found that the influence 
of volcanic eruptions could extend to the decadal time-
scale (Man et al. 2014; Sigl et al. 2015).

The internal climate variability (e.g., the ENSO, the 
PDO and the AMO) is found to play an important role 
in the SASM variability over different timescales. The 
ENSO, as most significant ocean mode, has been shown 
to be linked to SASM via the Walker circulation (Ras-
musson and Carpenter 1983). A weak SASM often occurs 

Fig. 8  Superposed epoch analysis results applied to the reconstructed 
SASMI response to 43 significant volcanic events (Sigl et al. 2015). 
The 90%, 95%, and 99% confidence limits of the mean are given as 
dashed, dotted, and dashed–dotted lines, respectively
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in an El Niño year, with a strong SASM in a La Niña 
year. The subsidence over South Asia increases due to an 
eastward shift of the Walker circulation over the center 
of the Pacific along the path of the El Niño developing 
phase in boreal spring, which suppresses convection over 
South Asia and results in a weak SASM, and vice versa 
for La Niña (Rasmusson and Carpenter 1983; Webster 
and Yang 1992).

The PDO, as the dominant SST mode over interdecadal 
periods in the North Pacific Ocean, negatively impacts 
SASM variability through a seasonal footprinting mecha-
nism (Krishnamurthy and Krishnamurthy 2014). The warm 
(cold) phase of the PDO is associated with weak (strong) 
SASM variability. The underlying mechanism may be that 
the influence of the PDO on SASM variability starts with 
the seasonal footprinting of SST from the North Pacific 
to the subtropical Pacific. This condition affects the trade 
winds, and either strengthens or weakens the Walker cir-
culation over the Pacific and Indian oceans depending on 
the phase of the PDO. The associated Hadley circulation 
in the monsoon region determines the impact of the PDO 
on monsoon rainfall (Krishnamurthy and Krishnamurthy 
2014).

The AMO and the SASM might have been bridged by 
the North Atlantic oscillation (NAO), as the atmospheric 
bridge, over multidecadal timescales during the instru-
mental period (Goswami et al. 2006; Lu et al. 2006). The 
multidecadal signal of the AMO is sustained in the Atlantic 
Ocean due to the ocean memory effect, and passes through 
the atmospheric bridge teleconnection to affect the Asian 
monsoon system. However, the specific underlying process 
remains debated.

Li et  al. (2013b) found a robust relationship between 
the NAO and the AMO, and that the NAO leads the AMO 
by 15–20  years. A novel explanation of the relationship 
between the NAO and the AMO is proposed in the delayed 
oscillator model (Sun et al. 2015). The positive phase of the 
NAO-related atmospheric forcing can lead to multidecadal 
variations in the Atlantic meridional overturning circula-
tion (AMOC), which in turn produces the SST signatures of 
the AMO through ocean heat transport. On the other hand, 
the AMO can also provide a delayed negative feedback to 
the NAO by inducing the North Atlantic tripole SST pat-
tern via ocean adjustment (Sun et al. 2015). Subsequently, 
this SST tripole pattern may contribute to the downstream 
development of subpolar teleconnections and result in 
SASM variability through the Atlantic Eurasian (AEA) tel-
econnection (Wu et al. 2009). These subpolar teleconnec-
tions can generate a tropospheric temperature anomaly over 
Eurasia and thereby persistent seasonal monsoon rainfall 
(Goswami et al. 2006), or become associated with the west-
erlies along the equatorial Atlantic, which extend up to the 
Indian monsoon region through equatorial Africa, resulting 

in enhanced moisture flow over India (Krishnamurthy and 
Krishnamurthy 2016).

Note that, the influence of the ocean modes on SASM 
variability interact; e.g., the PDO modulates the relation-
ship between the monsoon rainfall and the ENSO (Krishna-
murthy and Krishnamurthy 2014), and the AMO mode 
has a strong positive correlation with SASM variability, 
whereas the PDO has a negative correlation (Krishnamur-
thy and Krishnamurthy 2016).

Our study has revealed more conspicuous changes in 
the correlations between the SASM and the oceanic modes 
through time than those seen in the instrumental data. 
There are three possible explanations for this result. (1) 
Some ocean mode reconstructions contain considerable 
uncertainties and there are substantial divergences among 
different reconstructions of the same mode, especially the 
PDO reconstructions before the instrumental period (Mas-
son-Delmotte et  al. 2013). The correlation coefficients of 
these reconstructions are usually less than 0.7, and more 
than 50% of the variability is unaccounted for (Wang 
2009; An et  al. 2015; Hao et  al. 2016). (2) The dynamic 
mechanisms associated with these relationships are usu-
ally limited to a specific season and timescale, and inter-
actions of these coupled processes can cause resonant or 
suppressed variability in the SASM (Wu and Hu 2015). (3) 
Other potential forcings affecting SASM variability are not 
included in this study; e.g., IOD (Ashok et al. 2001), land 
cover changes (Kumar et al. 1999), CO2 forcing (Hu et al. 
2000), and orbital forcing (Prell and Kutzbach 1992). Thus, 
determining and verifying the nature of the unstable rela-
tionship that existed before the instrumental period should 
be a high priority. The mechanism associated with these 
variations remains an open question.

Overall, our reconstruction supports the influence of the 
ENSO, the PDO, and the AMO on the SASMI variability 
after the 1900s over interannual to multidecadal timescales. 
Before the 1900s, the significant relationship between the 
SASMI and the ENSO shows centennial variability, but 
determining whether the SASMI was still significantly 
related to the PDO and the AMO before the 1900s will 
require further testing using more robust reconstructions of 
the PDO and the AMO.

5  Conclusions and outlook

We used eight Indian tree-ring width chronologies from 
within the core region of the SASM to update the SASMI 
reconstruction of Shi et  al. (2014) that covers the past 
1105 years. Our results show that the interannual compo-
nent of SASMI, which accounts for 47.9% of the explained 
monsoon variance, is significantly related to the ENSO, and 
this relationship shows distinct centennial variability. This 
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indicates that the unstable relationship between the modern 
SASM and ENSO found in the instrumental data was also 
present over the past 1105 years from a paleoclimatic per-
spective. Our results also show that the decadal component 
of SASMI is significantly negatively correlated with the 
PDO, and that the multidecadal component of SASMI is 
significantly positively correlated with the AMO after the 
1900s. This indicats that the occurrence of El Niño and the 
increasing North Pacific SST anomalies are both condu-
cive to weakening the SASM, but that North Atlantic SST 
warming helps to enhance the SASM, and vice versa. How-
ever, the relationships among the SASMI, the PDO, and the 
AMO are not stable.

The centennial component of the SASM, which accounts 
for 19.4% of the explained monsoon variance, began to 
weaken in the 13th century and reached a minimum in the 
mid-15th century, before the monsoon began to gradually 
strengthen again and reached a peak in the late seventeenth 
century before gradually declining again. This variability 
implies that solar activity played an important role in the 
century-scale component of the SASM before the 19th cen-
tury, but that anthropogenic aerosol emissions may have 
then led to the decreasing trend in the SASM variability 
since the 19th century. Additional numerical simulations 
are required to disentangle the influences of various forcing 
and feedback factors on the SASM over different timescales 
throughout the past millennium.
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